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Abstract 
The increasing contributions of renewable energy sources into the electricity grid necessitates 
large-scale energy storage to balance supply and demand due to their inherent intermittency. 
Storing electrical energy in chemical bonds by electrolysis of CO2 and / or H2O is one option.  
The aims of this project were to develop and characterise (micro)-tubular solid oxide 
electrolysers for the reduction of CO2 and/or steam at temperatures of 700–800 °C.  
Micro-tubular hollow fibre reactors were fabricated by phase inversion. Ni(O) – yttria 
stabilised zirconia (YSZ) cermet electrodes (electrolysis cathode) and YSZ electrolyte (15-50 
μm) were simultaneously co-extruded and sintered, followed by the application of a 
lanthanum strontium doped manganite (LSM) – YSZ|LSM electrode (electrolysis anode) onto 
the outer surface, which was subsequently sintered.  
At 800 °C, current densities of up to -1.0 A cm-2 were achieved at ca. 1.8 V for CO2 
electrolysis with a silver wire and silver conductive paste cathodic lumen current collector. 
Replacing the silver wire with nickel and removing any paste additives resulted in a 50 % 
increase in current density. Electrode polarization for steam and co-electrolysis (H2O/CO2 co-
feed) was 62-382 % lower compared to CO2 electrolysis, with the extent depending on the 
current collector design; the silver paste had a greater detrimental effect on the electrode 
performance of the SOE operating with CO2.  
Evidence supporting dual-step co-electrolysis with electro-generation of hydrogen preceding 
the heterogeneous chemical reaction of H2 with CO2 included electrochemical performance, 
adsorption modelling, diffusion considerations, and response to silver paste. However, 
isotopic studies to differentiate between (electro)chemical processes using labelled C18O2 and 
H216O were inconclusive due to oxygen-18 exchange occurring between C18O2 and H216O, 
within the alumina feed tube, despite the absence of a Ni-YSZ cathode acting as a catalyst. 
To further characterize the intrinsic CO2 reduction mechanism, the surface exchange kinetics 
of C18O2 on YSZ and oxide diffusion coefficients, without electrochemical polarization, were 
determined using secondary ion mass spectrometry. These results facilitated the analyses of 
SOE experiments using oxygen-18 tracers that compared the effect of applied current on 
oxide ion transport rates within the hollow fibre reactors. 
Techno-economical evaluation of intra-day energy storage using the micro-tubular reactors 
cyclically in electrolyser and fuel cell operational mode resulted in an electricity storage cost 
of £0.016 per kWh, considering capital and operating costs (assuming £0.1 per kWh 
electricity costs), which is lower than current pumped hydroelectric storage (£0.05 per kWh). 
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1. Introduction 
 
Chapter summary 
This chapter outlines the need for energy storage technologies and introduces the concept of 
storing excess renewable energy in chemical bonds via H2O or CO2 splitting. The high 
temperature solid oxide cell option was chosen from the different electrolysis technologies 
available. The rationale of the decision will be presented together with the operating 
principles of a solid oxide electrolyser. The chapter is concluded by outlining the thesis 
structure. 
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1.1. The quest for suitable energy storage technology 
With the shift towards renewable energy generation, the UK made a legal commitment of a 
15% energy share from renewables by 2020 [1]. The need for large-scale energy storage 
becomes essential due to an imbalance in supply and demand, which can be associated with 
time (daily or seasonal variations) or geographical location variations. Figure 1-1 shows 
energy demand contrasted against the contributions from wind and solar power generation 
over the course of three weeks; the seasonal variations across an entire year are shown in 
Figure 1-2. 
 
Figure 1-1:  Daily demand variations and renewable contribution over a three week period in summer 
(England & Wales 2014) [2]. 
 
Figure 1-2:  Daily mean electricity demand and renewable contribution for 2013 (England & Wales) [2]. 
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This highlights that two different types of energy storage are required on a national level: a 
short-term fast response technology, which can be employed for peak-shaving on a daily basis 
(± 6 GW variations), and a long-term storage technology, which can even out the fluctuations 
during the year (ca. ± 7 GW variation between the mean daily).  
Figure 1-3 outlines potential energy storage options and their storage capacity and discharge 
time. Actual data for storage technologies employed in the UK and Germany have been 
inserted for reference. Pumped hydro and compressed air (2 plants currently operational – 1 in 
Germany, 1 in the USA [3]) are currently used as storage technologies for surplus energy and 
act to smooth the peak power demand. However, as they have small discharge times and small 
overall capacities, they are not applicable for long-term storage.  
 
Figure 1-3:  Energy storage capacity potentials of different storage technologies (Reprinted from Sterner 
and Stadler [4] with permission from Springer Science + Business Media; with writing in 
italics providing a translation of essential information.) with inserted actual capacities of 
Germany (cross) [3] and UK (triangle) [5]. 
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Long-term gas storage 
(in the natural gas 
network)
Electricity grid
renewable 
energy sources
CO
H2
Electricity regeneration 
(e.g. in fuel cell)
H2O
H2O
CO2 bypass 
O2CH4
CO2
Short-term 
gas storage
Cyclic electrolyser 
/ fuel cell operation 
(short-term energy storage) 
Atmospheric 
(indirect) 
capture
Direct capture 
(Industry/Power stations)
Biomass product 
gases treatment
Electrolyser
(& Fuel cell)
Methanation
H2
CO
H2 (direct storage)
Constant electrolyser operation 
(long-term energy storage) 
 
Figure 1-4:  Short- and long term energy storage options using electrolyser technology. 
Fixing energy in chemical bonds is, therefore, the most promising long-term energy storage 
technology option.i Storage infrastructure for natural gas is already widespread and has a 
much higher capacity: ca. 3 months in the UK or Germany. The integration between the 
electricity and natural gas network has also been discussed in detail by Sterner [6]. In limited 
quantitiesii, hydrogen could also be injected into the natural gas grid instead of synthetic gas, 
which could be a bridging approach while either a H2 infrastructure is built, or technologies to 
produce synthetic natural gas are optimised. Using reversible electrolysers, the technology 
will even be employable for short and long-term storage; i.e. peak-shaving by switching 
between electrolyser and fuel cell mode on a short-term basis or producing different storage 
chemicals (electrolysis with/without further upgrading to higher value chemicals). The 
general concept is outlined in Figure 1-4. For more detailed information about the energy 
i Note: although potential international ‘supergrids’ could even out the electricity variations by linking countries 
in different time-zones and seasons; this will be an utopic goal, as countries will loose their autarky. 
ii The reader is referred to the comprehensive report by Melaina et al. [293] for a discussion about H2 blending 
limits within the natural gas grid. 
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storage challenges and potentials, the reader is referred to comprehensive overviews for the 
UK [7] and Germany [5]. 
An additional benefit of electrolysis (in case of CO2 splitting), is its potential as a CO2 
emission control / abatement process. The total emissions in 2012 were 31.7 Gte CO2 and the 
sectorial distribution is shown in Figure 1-5. The non-energy contributions in the industry and 
manufacturing sectors can be further split into individual sectors.  
 
Figure 1-5:  Global CO2 emissions by sector in 2012 [8, 9]. 
Notably, only three industries make up two thirds of the industry emissions: 27% iron & steel, 
22% cement and 16% chemical & petrochemical [9]. Thus, these process emissions could be 
used within an electrolyser as proposed by Dipu et al. [10]. Other sources of CO2 could be 
from atmospheric capture to achieve a closed C-H-O cycle according to Graves et al. [11]. 
Detailed analysis of using CO2 as a feedstock in various processes has been discussed 
comprehensively elsewhere [11, 12, 13]. However, to make CO2 recycling more economically 
feasible by treating it as a carbon-feedstock, energy policies such as carbon taxing might be 
required. Nevertheless, CO2 recycling is in line with national policies to reduce the UK CO2 
emissions by at least 80% compared to the 1990 baseline by 2050, as specified in the Climate 
Change Act 2008 [14], and globally with international agreements such as the Kyoto protocol 
[15]. 
Thus, the route to energy storage using electrolyser technology (Figure 1-6) can be varied 
depending on the storage aim (e.g. short versus long-term, available feedstock), as well as the 
type of electrolyser. The next section will introduce the electrolyser technologies available 
and then focus on giving a short-introduction and decision rational for the chosen high 
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Figure 1-6:  Technology routes for electrolyser to produce energy storage chemicals.  
1.2. Electrolyser (and fuel cell technology) 
1.2.1. Introduction and classification 
Different electrolyser technologies exist (Table 1-1) depending on the operating temperature 
range, feedstock and desirable products. The most mature of these are alkaline and PEM 
systems, whereas SOE technology is still within the research and development phase [16]. 
Similar technologies exist for fuel cells and the reader is referred to the book by O’Hayre et 
al. for a technology overview [17]. 
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 Table 1-1:  Electrolyser technologies available for H2O and/or CO2 splitting at various temperatures. 
 Temperature Electrolyte Feed Products Maturity Comments References 
Alkaline (aqueous 
system subgroup) 
40-90 °C Potassium hydroxide 
KOH) 
H2O H2 only Mature • Commercially available [16] 
General aqueous 
electrolysis 
25 °C Water  
(with salts to vary 
pH and conductivity) 
H2O 
CO2 
H2, CO, formic acid, 
formate, alcohols, 
hydrocarbons  
(highly electrode material 
dependent) 
R&D • Low CO2 solubility 
 
[18, 19, 20, 
21] 
Organic solvent  25 °C Organic solvents  
(e.g. methanol) 
CO2 Hydrocarbons, CO, formic 
acid 
R&D • Higher CO2 solubility 
• Anode reactions not well 
characterized 
[22, 23] 
Proton/Polymer 
exchange membrane 
(PEM)  
20-200 °C mainly 
gaseous (some 
liquid research) 
Polymer  
(e.g. Nafion) 
H2O 
CO2 
Mainly H2 with some 
hydrocarbons or CO detected 
 
Mature 
(H2O) 
R&D (CO2) 
• Low charge yields for CO2 
electrolysis 
• Commercial PEM uses Pt 
(expensive) 
• Catalyst poisoning 
[24, 25, 26, 
27] 
Molten carbonate  Ca. 900 °C Molten salts 
(e.g. Li2CO3) 
CO2 Solid carbon or CO2 
(temperature dependent) 
R&D • High temperature material 
corrosion 
[28] 
Solid oxide 
electrolyser (SOE) 
600-1000 °C Ceramics  
(e.g. stabilized 
zirconia)  
H2O 
CO2 
 
H2, CO Advanced 
R&D 
• Close to 
commercialization 
[11] 
Proton Ceramic 
Electrolyser 
500-600 °C Ceramics  
(e.g. BaZrO3 or 
BaCeO3) 
H2O 
CO2 
 
H2 (CO and CH4 have been 
reported) 
R&D • Reported CO2 electrolysis 
products are questionable. 
[29, 30, 31] 
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1.2.2. Solid oxide electrolysers (SOE) fundamentals 
The general working principle of a SOE is as follows (Figure 1-7 – for CO2 only): 
(1) At the cathode, carbon dioxide (CO2) or water (H2O) are adsorbed and reduced to 
carbon monoxide (CO) or hydrogen (H2), respectively, by electrons supplied from a 
power source simultaneously forming oxide ions (O2-), injected into the oxide ion-
conducting electrolyte. 
(2) These oxide ions are transported across the electrolyte. 
(3) At the anode, these ions are then oxidised to produce pure oxygen gas (O2) and 
releasing electrons to close the circuit. 
CO2
CO
CO2(ad)
2e-
O2-
CO(ad)
O2-
2e-
Current 
source
e- e-
O2-
O(ad)
O(ad)
O2(ad)
O2
cathode anodeelectrolyte
(1)
(2)
(3)
 
Figure 1-7:  Schematic of a solid oxide electrolyser – only CO2 reduction shown for simplicity.  
The proposed reaction scheme is outlined in Equations (1-1) to (1-5) for reversible operation 
(SOE storage mode and solid oxide fuel cell (SOFC) power generation mode): 
Fuel electrode (e.g. Ni): 
2
2 2
− −→+ +←
SOE
SOFC
CO e CO O
  (1-1) 
 
( )22 22 − −→+ +←SOESOFCv H O e H O  (1-2) 
Electrolyte (e.g. YSZ):  
( ) ( )( )2 2(1 ) cathode anode− −→+ ←SOESOFCv O O  (1-3) 
Oxygen electrode (e.g. LSM):  
( )2 21 2 42
− −+ → +←
SOE
SOFC
v O O e
 (1-4) 
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Overall:  2 2 2 2
1
2
→+ + +←
SOE
SOFC
CO vH O CO vH O
 (1-5) 
However, in the case of co-electrolysis, chemical reactions in the gas phase can also occur, 
e.g. the (reverse) water-gas shift reaction – (R)WGS: 
 
reverse water gas shift reaction
2 2 2water gas shift reaction
CO H H O CO→+ +←  (1-6) 
The driving force of these electrolysis reactions is the applied cell potential difference (U) and 
the performance output is measured in terms of charge passed per time normalized with 
respect to the geometric electrode area (current density, j); the higher the applied cell potential 
difference, the larger the current density. However, the specific energy consumption (we) and 
hence the electrical operating costs scale directly with U, so improving the kinetics and/or 
reducing the losses due to the electrolyte resistance (e.g. thinner electrolytes) are important 
factors in optimizing reactor performance. 
The main advantage of the solid oxide technology is that at elevated temperatures, a larger 
proportion of the required energy can be supplied as heat energy (Figure 1-8). In addition, at 
higher temperatures, kinetics of the reactions will be faster, so a smaller cell potential 
difference will be required, decreasing the operating costs.  
 
Figure 1-8:  Thermodynamics of H2O (- -) and CO2 (—) electrolysis (thermodynamic data - Appendix A); 
|ΔEeqm| and |ΔEtn| are equilibrium and thermo-neutral operating potential differences. 
Typical performance (U-j relationship) is shown in Figure 1-9 for the three main electrolyser 
technologies highlighting the SOE advantage; lower operating cell potential differences for 
same current densities. Energy efficiency calculations by Ferrero et al. [32] indicated that 
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with increasing operating current densities of SOE, energy efficiency compared to 
conventional PEM operating conditions can be up to 14% higher. Fuel flexibility is a further 
advantage, as CO2 and/or H2O feeds can be used. This benefit is even more pronounced for 
reversible solid oxide systems as SOFC are the most fuel robust fuel cell technology [33, 34]. 
 
Figure 1-9:  Comparison U-j relationships for state-of-the art H2O electrolyser [24, 35, 36, 37]. 
However, the high temperature is also a disadvantage, as identifying suitable materials, e.g. 
for interconnects, sealants, is more difficult. In addition, SOE technology is the least mature 
of the three main technologies, so capital costs are still high [38]. 
1.3. Thesis outline 
Having introduced the necessity of energy storage and identified the solid oxide cell 
technology as a viable option, Chapter 2 will outline the basic theoretical principles required 
to understand the results presented. Chapter 3 reviews the current state-of-the art research 
advances within the field of solid oxide electrolysis (and some highlights of SOFC 
development) to enable the formulation of project objectives in Chapter 4. Experimental 
procedures will be outlined in Chapter 5. Results of CO2 electrolysis will be discussed in 
Chapter 6 and Chapter 7 for macro- and micro-tubular reactor systems, respectively. Chapter 
8 focuses on extending the micro-tubular reactors to for steam and co-electrolysis. Results of 
novel diagnostics approaches using isotopic labelling will be discussed in Chapter 9. Chapter 
10 will form an economic appraisal of solid oxide electrolyser technology based on the main 
findings from results and discussions reported in Chapters 6-9. Conclusions and 
recommendations for further work will conclude this thesis in Chapter 11. 
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2. Electrochemical theory 
 
Chapter summary 
This chapter outlines the basic thermodynamic and kinetic principles relevant for the 
understanding of electrochemical reactors. Electrolyser and fuel cell operation will be 
discussed and the relevant mathematical concepts to describe the performance introduced. A 
general description of oxide transport via the vacancy mechanism will be included to aid the 
reader’s understanding of the istopically labelled oxide (C18O2) results, which is relevant 
across different chapters.  
Note: some more specific concepts in terms of modelling relevant only to individual chapters, 
will only be introduced within the appropriate chapters.  
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2.1. Electrochemical thermodynamics 
For an open system at steady-state, the following total energy balance [39, 40, 41] can be 
written for an electrochemical reactor (Figure 2-1). The individual variable terminology is 
summarized in the nomenclature section. 
Electrolysis cell
Heat into 
the system
∑ energy of species out
Work done 
on the system
∑ energy of species in
control 
volume
 
Figure 2-1:  Energy balance of an electrolysis system. 
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2 2
      
= + + − + +      
      
+ + + −
∑ ∑
∑ ∑
 
 
expansion
in out
inlets outlets
energy of species entering the system energy of species leaving the system
heat
in out
elec
inlets outlets
W
u uU m gh U m gh
Q W PV PV
+
 
total work done on the system (2-1) 
Enthalpy, H, is defined as the sum of internal energy (U) and expansion work (Wexp = PV): 
 H U PV≡ +  (2-2) 
Therefore combining Equation (2-1) with Equation (2-2) and assuming that kinetic and 
potential energies are negligible, leads to the following relationship: 
 elecH Q W∆ = +  (2-3) 
The Gibbs free energy at constant pressure and temperature is defined as: 
 G H T S∆ = ∆ − × ∆  (2-4) 
Thus, Equation (2-4) can be re-expressed as: 
 elecG Q W T S∆ = + − × ∆  (2-5) 
At equilibrium, the second law of thermodynamics defines reversible heat energy as: 
 = × ∆revQ T S  (2-6) 
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Thus, the electrical energy can be shown to equal the Gibbs free energy change: 
 ,∆ = = − ∆elec rev e eqmG W v F E  (2-7) 
Hence, the equilibrium potential difference can be derived from theoretical calculations: 
 
0∆
∆ = −eqm
e
GE
v F
 (2-8) 
Note: A positive valued ∆Eeqm describes a spontaneous process (fuel cell) and a negative 
value corresponds to a non-spontaneous process (electrolytic cell). 
2.1.1. Extension for non-standard temperatures and reactions 
For non-standard temperatures, the required enthalpy and entropy variation with temperature 
for individual species can be calculated using Equation (2-9) and Equation (2-10), 
respectively, taking into account phase changes if necessary. 
 0
298.15
( ) ( )∆ = ∆ + + ∆ +∫ ∫
pc
pc
T T
formation p pc p
T
H H C T dT H C T dT  (2-9) 
 0
298.15
( ) ( )∆
∆ = + + +∫ ∫
pc
pc
T T
p pc p
pc T
C T H C T
S S dT dT
T T T
 (2-10) 
The effect of temperature variation on the heat capacity at constant pressure is given by 
Equation (2-11), whereby the coefficients are tabulated within the literature. 
 
2 3
2( ) ,
1000
= + × + × + × +
=
p
EC t A B t C t D t
t
Twith t
 (2-11) 
The overall molar thermodynamic properties (TP) can then be found using the individual 
species properties (TPi) taking into account the reaction stoichiometry. Here, TP and TPi can 
be ΔGreaction, ΔSreaction or ΔHreaction and ΔGi, ΔSi or ΔHi, respectively. 
 ( ) ( ) ( )   = −   
   
∑ ∑
products reactants
reaction i i i i
i i
TP T n TP T n TP T  (2-12) 
2.1.2. Correction for non-standard compositions 
The standard potential difference (Equation (2-8)) is applicable only if all involved species are 
of unit activity. To correct for non-standard state conditions, the following equation, also 
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known as Nernst Equation, can be applied to describe the equilibrium potential difference 
conditions (no current flow): 
 
,
0 ln
 
 ∆ = ∆ −   
 
∏
∏
i
i
n
i products
i
eqm eqm n
e i, reactants
i
a
RTE E
v F a
 (2-13) 
For gaseous systems, the Nernst Equation is usually further simplified by approximating the 
activities to partial pressures of the individual species (Equation (2-14)). This is especially 
relevant for tubular reactor systems, in which the conversion increases axially and thus 
different gas compositions along the length of the reactor are to be expected.  
 0 ln
 
 ∆ ≈ ∆ −   
 
∏
∏
i
i
n
i, products
i
eqm eqm n
e i, reactants
i
p
RTE E
v F p
 (2-14) 
2.2. Electrochemical kinetics 
The thermodynamic principles discussed above are valid only for equilibrium conditions; i.e. 
the process is sufficiently slow and negligible current is flowing. However, in order to achieve 
a significant rate of reaction (high current density) to make the process economically viable, 
an overpotential (Equation (2-15)) has to be applied providing a driving force to drive the 
reaction in the desired direction. 
 η = ∆ − ∆ eqmE E  (2-15) 
ln (|current density j|)
EO/R, eqm 
for ‘positive’ electrode
Eref
∆Efuel cell
− →+ ←O e Rv O v e v R
' '' '
−→ +←R O ev R v O v e
ER’/O’, eqm 
for ‘negative’ electrode
| E
|
∆Eeqm
∆Eelectrolyser
ηcathodic, electrolyser 
ηanodic, electrolyser 
/ /η = −
eqm
c O R O RE E
'/ ' '/ 'η = −
eqm
a R O R OE E
EO/R
ER’/O’
 
Figure 2-2:  Schematic outlining the relationship between equilibrium potential (differences), electrode 
potential (differences) and overpotentials. 
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However, if the process deviates from the equilibrium state, losses [42] can occur due to 
(Figure 2-3): 
• Charge transfer processes (i.e. electrode reactions) – termed activation polarization 
• Mass transfer processes (e.g. gas diffusion) – termed concentration polarization 
• Ohmic potential losses 
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Figure 2-3:  Processes which influence the rate of reaction. Adapted from Bard and Faulkner [41], 
Copyright 2001, with permission from John Wiley & Sons. 
Taking these losses into account the overall cell potential difference can be expressed asiii:  
 ( )η η η η φ= ∆ − − − − − ∆
electrolyser
cathode anode c a IR
eqm activation act concentration con total
fuel cell
U E  (2-16) 
The consequences of this are shown in Figure 2-4, whereby the individual electrode 
overpotential is a combination of activation and concentration polarization. 
iii A note on notation: Equation (2-8) will predict a negative ∆E for solid oxide electrolyser operation (i.e. ∆G 
positive for anti-spontaneous reactions) and a positive value for fuel cell mode. As such Equation (2-16) will 
make the term in brackets ‘more negative’ in magnitude during electrolyser operation, i.e. extra energy required 
to drive the reaction, and the magnitude of achievable U for the fuel cell will decrease. However, presenting both 
processes on the same graph, all cell potential differences are shown positive (fuel cell case) by common 
practise; thus, the inclusion of the ∓. Hence, the magnitudes of the values are preserved, but not the sign notation 
for spontaneous and anti-spontaneous reaction. 
 15 
                                                 
 
Chapter 2: Electrochemical theory  
 
Anode + - Cathode
Anode 
reversible 
potential
Cathode 
reversible 
potential
Anode overpotential
φelectrolyte 
Equilibrium cell 
potential
Electrolyte
Anode reversible 
potential
Cathode reversible 
potential
φelectrolyte 
Cell voltage 
(U)
Electrolyte
Cathode overpotential
Anode + - Cathode
Ohmic potential 
drop
φanode 
φcathode 
Reversible cell Electrolytic cell  
Figure 2-4:  Potential distribution in reversible and electrolytic cells [43]. 
Hence, the specific electrical energy consumption of the electrolytic process can be calculated 
as following based on the desired product P: 
 ( )-1/ kWh tonne P
3.6
 
=  Φ 
e
P e
P P
nF Uw
M
 (2-17) 
Whereby the current efficiency (charge yield) is defined as: 
 Φ = peP
total
j
j
 (2-18) 
Energy efficiency can be deduced from: 
 G e
P
G
W
∆
Φ =  (2-19) 
2.2.1. Activation polarization 
The electrode activity is measured by the extent of the activation polarization. As discussed 
above, to obtain a substantial rate of reaction, a driving force needs to be applied. This 
represents the activation energy required for the charge transfer reactions at the triple phase 
boundary. Obviously, the reactant mass transport to the reaction interface is also important, 
but for the case of mass transfer >> charge transfer; i.e. mass transfer limitations are 
negligible; the Butler-Volmer equationiv may be used as an approximation to express the 
iv The general form of the Butler-Volmer equation postulated previously that  1= αf + αb. The presented form is a 
modified version according to García-Camprubí et al. [44] to allow for multi-step reactions and non-symmetry 
between SOFC and SOEC operation.  
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relationship between current density and electrode activation overpotential [44]: 
 , ,, 0, exp exp
α α
η η
    
= − −    
    
f i b iact act
r i i i i
F F
j j
RT RT
 (2-20) 
The exchange current density j0 represent the electrocatalytic activity of a specific 
electrochemical reaction at the relevant reaction sites [41], which for SOE/SOFC is believed 
to be the triple phase boundaryv (the interface between electrode, electrolyte and reactant 
phase). This term includes the adsorption/desorption, possible surface diffusion, electron 
transfer and oxide ion inclusion/exclusion into the electrolyte, depending on cathode or anode 
reaction and fuel cell/electrolyser mode operation. Faster exchange current densities equal 
higher activities and thus, reactor optimization focuses on decreases these overpotentials. 
Material improvements focus mainly on intrinsic properties (e.g. conductivities), whereby 
microstructural design changes the extrinsic properties, as a better microstructure can increase 
the number of active sites per electrode volume. Exchange current densities are usually 
obtained from experimental data and correlations exist to account for bulk gas composition 
[44], [45]. The charge transfer coefficient [46] α is defined as 
ln ±  
 
iRT d j
F dE ; i.e. in terms of 
experimental data only. If determined correctly, it can provide insight into the reaction 
mechanism [44].  
2.2.2. Ohmic potential loss 
The electrolyser and fuel cell also have intrinsic ohmic resistance losses associated with the 
different components of the cells such as electrolyte, electrodes, connections, current 
collectors and, for stacks, interconnects: 
 φ
σ
∆ = ∑IR itotal
i i i
tI
A
 (2-21) 
Hence, to minimise losses, either the conductivity has to be increased (e.g. ionic conductivity 
of the electrolyte or electronic conductivity of the electrodes) or the individual current path 
lengths have to be shrunk in dimensions. Note: further contributions to the ohmic potential 
losses are the connections. Recent work by Droushiotis et al. [47] highlighted that, especially 
v For mixed ionic and electronic conductors this triple phase boundary is essentially extended to a two-phase 
boundary as electronic and ionic conducting phases are merged into one single phase. 
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for tubular reactor systems, achieving adequate current collection / distribution is still an 
issue, which needs to be addressed further. 
2.2.3. Concentration polarization 
The limitation of the Butler-Volmer equation in the form represented in Equation (2-20) is 
that it assumes fast mass transfer; i.e. bulk gas concentrations are applicable. However, at 
appreciable current densities, there will be an influx of reactants (e.g. CO2 and H2O for SOE 
mode) and outflux of products (e.g. CO and H2 for SOE mode). At steady state the species 
mass balance (Equation (2-22)) needs to be fulfilled [48]: 
 
2 2 2 2
2H CO H O CO O
jN N N N N
nF
+ = + = =  (2-22) 
With reactant consumption at high current densities, mass transport limitations might become 
significant, resulting in local concentration gradients.  
Within a solid oxide electrolyser, two different scales for gas transport exist [42]: (1) a macro-
scale forced convective processes of reactants and products through the gas supply channel, 
and (2) nano/micro-scale gas transport within the electrode microstructure, mainly via 
diffusion (Figure 2-5), driven by the local concentration gradients resulting from consumption 
and production of the gaseous species.  
CO2
O2 rich 
sweep 
gas
Sweep 
gas
Bulk flowAnodeElectrolyte
Anode
c O2
bulk
O2
TPBc
CO2
Bulk flow
Cathode
CO
TPBc
c CO2
bulk
CO2
TPBcc CO
bulk
Cathode ElectrolyteCathodeElectrolyte
Cathode
CO
TPBc
CO2
TPBc
sweep 
gas
sweep 
gas
O2 rich 
sweep 
gas
CO2/CO
(A)
(B)
 
Figure 2-5:  Gas transport within a tubular solid oxide reactor for CO2-CO-O2 electrolysis with the 
resulting concentration gradients within the cathode (A) and anode (B).  
Thus, the concentration polarization overpotential could be defined as the difference between 
the ∆ eqmE measured at bulk and at electrode concentrations (Equation (2-23) [49]). However, 
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due to difficulty of measuring the partial pressures at the interface, an alternative approach of 
using an estimation of the limiting current density has been reported [50], [51], [47] and is 
outlined for CO2 splitting (SOE operating mode) in Equation (2-24) to (2-26).  
 η + = ∆ − ∆
concentration TPB bulk
cathode anode eqm eqmE E   (2-23) 
2
2 ,,.
, ,
, ,
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1 1ln ln
1 1
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operating operatinge cathode e anode
L cathode L anode
p j p j
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j jF v v
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   
++  
  + = +  
− −   
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 
 
 
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 (2-24) 
 2 2 ,,
bulk eff
CO CO e cathode
L cathode
cathode
p D v F
j
RTt
=  (2-25) 
 2 2 ,,
bulk eff
O O e anode
L anode
anode
p D v F
j
RTt
=  (2-26) 
Within the electrode structure, diffusion can either be governed by molecular diffusion 
(Equation (2-27) according to Fuller et al. [52]), Knudsen diffusion (Equation (2-28)) [53] or 
a combination of both depending on the length-scale of the pores, whereby Knudsen becomes 
relevant when the mean free path length (Equation (2-29)) is of equal dimensions as the 
microstructural pore dimensions (Figure 2-6).  
 
( ) ( )
3 1.75
, 21/31/3
5
1 110
1.013 10
−  +  
 =
 +  ×
i j
moleculuar ij
i j
T
M M
D
P v v
 (2-27) 
 , 0
4 8 1
3 π
= i k
i i
RTD K
M M
 with K0 approximated as 0.25 × dpore (2-28) 
 
2
,2
m
m i A
RT
d N P
λ
π
=   (2-29) 
Thus, for combined diffusion, the overall diffusion coefficient would be expressed as: 
 
, ,
1 1 1
total
i molecular ij Knudsen iD D D
≅ +  (2-30) 
Accounting for the randomness within the electrode pore structure, tortuosity (τ) and porosity 
(ε) of the microstructure are used to calculate the effective diffusion coefficient [42]. 
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Figure 2-6:  Schematic of diffusion in porous electrodes for various pore length scales, with non-porous 
media being represented by grey areas.  
2.2.4. Typical electrolyser and fuel cell behaviour 
The different operating regimes of electrolyser or fuel cell are shown in Figure 2-7. 
Depending on the current density, different potential losses dominate the operation and 
consequently changing the cell potential difference (U). At low overpotentials, the reactor is 
kinetically controlled (activation polarization), after initial activation, losses are due to the 
ohmic resistances of the cell. At very high current densities, mass transport is limiting 
(concentration polarization) and this regime should be avoided. Ideal operation conditions 
would lie within the ohmic potential loss region. 
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Figure 2-7:  Typical electrolyser and fuel cell performance (U-j curves) indicating different operating 
regimes vi. 
The current density can be calculated according to Equation (2-32), whereby the area is some 
measure of the active sites. As these are difficult to measure, the cell area is usually 
approximated to the projected electrode area. A discussion about the merits of different 
projected areas for a tubular reactor system is outlined in Appendix B: 
 
cell
Ij
A
=  (2-32) 
The power density for fuel cell operating mode is defined as the product between current 
density and cell potential difference (Equation (2-33)). Operation at the peak power density is 
usually desired. 
 = ×PD j U  (2-33) 
vi Note: ∆Eeqm may or may not be of the same magnitude as the open circuit potential difference (UOCPD), if some 
net reaction was occurring (e.g. electronic leakage). However, due to the difficulties of obtaining a true 
measurement for ∆Eeqm, from now onwards the following assumption will be made: |∆Eeqm| ≈ UOCPD. 
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The reactant utilization (commonly known as fuel utilisation for fuel cell operation) is defined 
according to Equation (2-34). The number of total moles is included for the case of varying 
total moles at the oxygen electrode. 
 1
outlet outlet
i total
i inlet inlet
i total
x NX
x N
= −  (2-34) 
For running the solid oxide cell cyclically (SOE-SOFC), the round trip efficiency can be 
defined as: 
 
2
fuel celle
CO CO
electrolyser
U
U−
Φ =  (2-35) 
The thermo-neutral potential difference (UTNPD) is derived from the First Law of 
thermodynamics, assuming isothermal conditions: 
 
∆
∆ = − reactiontn
e
HE
v F
 (2-36) 
 ( )≈ ∆
electrolyser
TNPD tn
fuel cell
U E  (2-37) 
Two heat fluxes operate within the electrolyser, which in contrast to fuel cell mode, are in 
opposite directions. The reaction heat flux will be cooling the reactor (negative heat flux) due 
to the endothermic nature of the reaction (heating the cell for fuel cell mode operation). The 
calculations take into account the reaction and product gas compositions via the Nernst 
potential (Equation 2-38 (∆E containing sign information) or Equation 2-39 (j containing sign 
information)). Joule heating due to cell resistances will be heating the reactor (positive heat 
flux, independent of fuel cell or electroyser mode) calculated according to Equation (2-40) 
[54]vii. 
( ) ( ) ( ) ( )= − ∆ = − ∆ − ∆ = − −∆ + ∆ = ∆ − ∆reaction e R e tn eqm tn eqm
e e
j jq T S H G j E E j E E
v F v F
 (2-38) 
vii Cautionary advice: the reader is advised to always carefully check notation and definitions within 
thermodynamic derivations, when switching between thermodynamic and ‘operating’ electrochemical notation. 
If in doubt, derivation from 1st principles is advised, as some literature sources are careless with regard to sign 
notation, such that the derivations, albeit arriving at the correct formula might be regarded void [440]. 
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 ( )= −reaction TNPD OCPDq j U U  (2-39) 
 ( )2= = −ohmic OCPDq j ASR j U U  (2-40) 
2.3. Theory of oxide ion transport within YSZ 
Introduction of Y2O3 into the zirconia lattice creates oxygen vacancies [55]  to compensate for 
the charge defect of Zr4+ substitution by Y3+ (Equation (2-41)viii). The resulting lattice 
structure is shown schematically in Figure 2-8, with next nearest neighbour positions 
predicted to be the most stable oxygen vacancy positions [56]. Consequently, oxide ions can 
be can be transported within the bulk of YSZ via oxide ion vacancy hopping [57]. 
 2 3 22 3 2 3+ × −→ + +
ZrO
Zr O OY O Y V O  (2-41) 
Oxygen vacancy
Oxygen ion (O2-)
Zirconium ion (Zr4+)
Yttrium ion (Y3+)
 
Figure 2-8:  Schematic of zirconia cubic lattice after the introduction of Y2O3 as a cation dopant. 
 
viii In Kröger-Vink notation Equation (2-41) is commonly reported as: 2 '2 3 2 3
•• ×→ + +ZrO Zr O OY O Y V O . 
However, for consistency reasons with electrochemical notation used later within this thesis, this notation has not 
been adopted. 
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3. Literature review 
 
Chapter summary 
This literature review will introduce the latest state-of-the art developments in H2O, CO2 and 
co-electrolysis, discussing electrolyte and electrode choices as well as possible reaction 
mechanisms. Reactor designs are reviewed with the focus on tubular geometry and (micro)-
tubular state-of-the-art solid oxide fuel cells technology introduced to act as a benchmark for 
cyclic SOE-SOFC reactor systems. Durability and stack development for moving towards 
real-world applications will be assessed and system integration, including techno-economic 
analyses introduced. 
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3.1. Current state of the art solid oxide electrolysers 
Solid oxide electrolysis is not a novel concept; the first research efforts focused on producing 
oxygen as life-support and propellant for the Mars space missions [58]. However, the usage of 
platinum electrodes prohibited a wide-spread application of these devices and no market 
outside space research existed. Solid oxide electrolysis was revisited following the 1970s oil 
crisis, as the rising oil price initiated research into synthetic (carbon based) fuels. The HOT-
ELLY project in Germany focused on the production of hydrogen using a yttria-stablized 
zirconia (YSZ) electrolyte and non-precious metal electrodes in a tubular design [59, 60]. 
Simultaneously, the tubular Westinghouse-designed fuel cells were tested in electrolysis 
mode for water splitting in the USA [61]. Nevertheless, the development ceased due to the 
lack of deployment prospects, because of cost issues due to the Westinghouse design. The real 
renaissance of electrolysis technology across the globe occured at the beginning of the 21st 
century due to a rise in the oil price, again, and the increased usage of renewable energies. 
This variation in research interest is summarized in the number of literature contributions in 
the fieldix (Figure 3-1). The following sub-chapters will introduce the developments and 
research advances in the high temperature electrolysis field for the various electrolysis 
options. For further reading, the reader is also referred to comprehensive review papers for 
CO2 [62], H2O [63, 64, 65] and co-electrolysis [11, 66].  
 
Figure 3-1:  Scopus search results for “solid oxide electroly*er/ electrolysis” and “steam/water/H2O”, 
carbon dioxide/CO2 or both (co-electrolysis) over the last century. 
ix A map of key-player institutions, with regard to their contribution towards solid oxide electrolyser technology 
development, is presented in Appendix C. 
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3.1.1. Steam electrolysis 
3.1.1.1 Electrolyte materials 
Figure 3-2 shows the ionic conductivity of the most commonly employed ion-conducting 
electrolyte materials. Steele and Heinzel [67] proposed a maximum electrolyte contribution of 
0.15 Ω cm2 towards the area specific resistance. Following their argument and taking recent 
manufacturing advances into account that enable fabrication of gas-tight 10 µm electrolytes, 
the required ionic conductivities of suitable materials have to exceed 7 × 10-3 S cm-1.  
 
Figure 3-2:  Effect of temperature on ionic conductivities of selected oxide-ion conducting electrolyte 
materials [68, 69, 70, 71, 72] and the corresponding electrolyte thicknesses at a specified 
maximum electrolyte resistance contribution of 0.15 Ω cm2 [67]. 
Yttria-stabilized zirconia (YSZ) is the most wide-spread electrolyte material for high 
temperature solid oxide electrolysers. For steam electrolysis, Jensen et al. [35] have reported 
current densities of up to -3.6 A cm-2 at 1.48 V and 950 °C, which is still (one of) the highest 
current densities reported for SOE performance to-date. At 750 °C, the current density 
achieved was still ca. -0.9 A cm-2. The cell used was a Ni-YSZ|YSZ|YSZ-LSM with LSM 
being (La0.75Sr0.25)0.95MnO3 and the electrolyte was 10 µm thin. The Ni-YSZ layer was 
divided into a porous support (300 µm) and an active electrode layer (10 µm). Typical current 
density – cell potential difference behaviour observed for SOEs is shown in Figure 3-3. 
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Figure 3-3:  Effect of current density on cell potential difference for a solid oxide cell tested in 
electrolyser (SOEC) and fuel cell (SOFC) mode at 750-950 °C and 10 µm YSZ electrolyte. 
Reprinted from Jensen et al. [35], Copyright 2007, with permission from Elsevier. 
Comparative results have also been achieved by Brisse et al. [73] with cell potential 
differences of 1.0 and 1.25 V for -1 A cm-2 at 900 and 800 °C, respectively. They also 
highlighted the importance of absolute gas humidity; using electrochemical impedance 
spectroscopy (EIS) they showed that steam diffusion into the Ni-YZS hydrogen electrode is a 
limiting factor at low humidity / high reactant usage (Figure 3-4). 
 
Figure 3-4:  Effect of cell current density and temperature on cell impedance at 50 vol% absolute 
humidity. Reprinted from Brisse et al. [73], Copyright 2008, with permission from Elsevier. 
YSZ has also served as the electrolyte material for tubular reactor systems such as those 
investigated by Laguna-Bercero et al. [74], who achieved -1 A cm-2 at 1.3 V and 850 °C; 
steam diffusional restrictions at low absolute humilities were also reported. Despite higher 
current densities were being supported (up to -6 A cm-2 at 950 °C and 1.75 V), operation at 
very high cell potential differences was highlighted to be questionable, because the theoretical 
 27 
Chapter 3: Literature review  
 
steam utilization exceeded unity. The measured achieved current densities was higher than the 
theoretical one required to convert all steam fed to the reactor. The high current densities were 
associated with the possibility electronic short-circuiting as discussed by Schefold et al. [75].  
Alternative electrolyte materials, with the possibility of operating at intermediate 
temperatures, include scandia-stabilized zirconia (ScSZ). Current densities of -0.65 A cm-2 at 
1.4 V (850 °C) for single button cells have been achieved using 175 µm thick electrolytes 
[76]. For 10-cell-stacks current densities of up to -0.38 A cm-2 were obtained using 
commercial ScSZ-electrolyte-supported electrolysis cells sourced from Ceramatec Inc. [77].  
Variations on the scandia-stabilized zirconia include co-doping with ceria [36] or yttria [78], 
increasing the conductivity to about 16.0 and 14.5 S m-1 at 950 °C, respectively. For 
reference, the ionic conductivity of 8-YSZ [79] at 950 °C is ca. 12.8 S m-1. Tubular designs 
based on ceria doped ScSZ achieved steam electrolysis performance of -0.57 A cm-2 at 1.32 V 
and 650 °C, indicating the applicability of ScSZ for intermediate temperature SOEs [80].  
Electrolyte materials with ceria as the main component, such as scandia or gadolinium doped 
ceria (GDC), are not applicable for electrolysis operation, as the ceria would be partially 
reduced from Ce4+ to Ce3+, so decreasing the charge yield because of (partial) electronic 
conductivity and degrading the electrolyte [81, 82]. However, these materials have found 
application as barrier layers to prevent interfacial reactions between YSZ and cobalt-doped 
perovskites, so increasing performance and stability [83, 84, 85]. 
Other options for intermediate temperature electrolyte materials include the group of doped 
lanthanum perovskites. La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) achieved ca. -0.35 A cm-2 at 1.8 V and 
only 600 °C [86]. In addition, to the feasibility of low temperature operation, LSGM is also 
more compatible with cobalt-based perovskites. However, research of stable hydrogen/steam 
electrodes is necessary, as commonly used nickel-based steam/hydrogen electrodes cause 
severe performance degradation [87]. LaNb0.84W0.16O4.08 was reported recently as a new 
prospective material for solid oxide electrolysis, showing some promising performance of ca. 
-0.25 A cm-2 at 1.3 V and 950 °C for a 360 µm thick electrolyte-supported cell [88]. 
The alternative method to decrease the resistance contribution of the electrolyte, so supporting 
lower operating temperatures, would be to decrease the thickness of the electrolyte by moving 
towards electrode-supported systems. Alternative support technologies, such as metal-
supported SOEs, have also been investigated and current densities of about -1 A cm-2 at 850 
°C and 1.28 V have been achieved [89].  
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 Table 3-1:  State-of-the art solid oxide electrolyser developments with respect to the electrolyte material. 
Reference Electrolyte 
(thickness) 
Cell 
configuration 
Temperature 
range / °C 
Current densityx 
 / A cm-2 
Gas concentration  
(H2O/H2/inert) 
Comments 
Jensen et al. [35] YSZ (10 µm) Planar 750 
950  
-0.61 
-2.65 
50/50/0 
70/30/0 
• Record current-density SOE reported to 
date. 
Brisse et al. [73] YSZ (N/A) Planar 800 
900 
-1.14 
-1.4 (at 1.1 V) 
82/6/12  
82/6/12 
• Steam concentrations between 30-82 
vol% have been investigated. 
Laguna-Bercero et 
al. [74] 
YSZ (15-20 µm) Tubular 750 
950 
-0.09 
-1.62 
70/15/15 
70/15/15 
• Steam ratios between 20-70 % have been 
investigated. 
O’Brien et al. [76] ScSZ (175 µm) Planar 800 
850 
-0.51 
-0.61 
ca. 10/20/70 
ca. 10/20/70 
• Various steam ratios - given in terms of 
dew point (ca. 25.5, 34.4, 47.6 °C). 
Wang et al. [80] ScSZ (10 µm) Tubular 650 -0.55 60/4/36 • Steam ratios between 12-60 % have been 
investigated. 
Laguna-Bercero et 
al. [36] 
Ce-doped ScSZ 
(155 µm)  
Planar 600 
900 
-0.03 
-0.26 
80/2/18 
80/2/18 
• Steam ratios between 10-80% have been 
investigated. 
Elangovan et al. 
[90] 
LSGM (300 µm) Planar 800 -0.70 56/44/0 • Steam ratios between 10-56% have been 
investigated 
x Current densities were reported at 1.3 V cell potential difference, unless otherwise indictated, which corresponds to the approximate thermo-neutral potential difference of 
steam reduction in the temperature range investigated and so would correspond to the ideal operating cell potential difference for long-term stability. 
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Table 3-1 summarizes the state-of-the art electrolyser developments for the electrolyte 
materials discussed above. Higher steam concentrations were reported usually to increase 
performance of all cells, which can be linked to the concentration polarization effects 
discussed in Chapter 2. 
3.1.1.2 Electrode materials 
The electrode reactions are believed to occur at the triple phase boundary (TPB – Figure 3-5), 
where electrons are supplied through an electronically conductive phase, oxide ions 
transported via an ionic conducting phase and the reactant gases are supplied or removed (e.g. 
a pore). Triple phase boundary density has either been predicted through computational 
modelling [91], relating it to microstructural parameters, or by 3-D reconstructive analysis of 
actual electrodes post-operation using for example focused-ion beam technology [92, 93].  
However, the transport of electrons through the conductive phase is much faster than that of 
the ions, because of the relative conductivities of ca. 106 versus 10 S m-1 for e.g. nickel [94] 
and YSZ [79], respectively. Thus, the main reactive zone is located closed to the electrode | 
electrolyte interface. For SOFCs, the thickness of this active functional layer has been 
reported to be between 20 to 50 µm in a temperature range of 700-1000 °C, depending on 
parameters such as the precursor particle size of YSZ and NiO [95, 96]. The potential 
distribution within the electrolyte and electrode phases is schematically shown in Figure 3-6 
and an equivalent circuit diagram is included in Appendix D. 
Triple phase 
boundary (TPB)
CO out 
   
CO2 in       
CO2 in / CO out
Electrons
Oxygen ions
Active reaction site
Electronic conductor
Ionic conductor
 
Figure 3-5:  Schematic representation of triple phase boundary (TPB). 
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Figure 3-6:  Schematic of Ni-YSZ|YSZ|YSZ-LSM|LSM SOE with (A) potential distribution, (B) 
overpotentials and (C) current densities within each phase [97]. 
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3.1.1.2.1 Cathodes 
The most common steam/hydrogen electrode (cathode in SOE mode) is a nickel cermet 
because of its good compatibilityxi with YSZ; i.e. no reported solid state reactions, so high 
temperature co-sintering is possible [98]. These nickel cermet electrodes have been employed 
in high performing electrolysis cells reported in section 3.1.1.1. Cermet electrodes were 
employed to manage the different expansion coefficients of nickel and YSZ to prevent 
delamination as well as providing triple phase boundary;  the fraction of nickel in the cell has 
to exceed 40 vol% (ca. 55 wt% NiO during solid-state fabrication) to achieve electronic 
percolation [99]. However, alternative cermet fabrication methods, e.g. NiO coated YSZ 
composite powders [100] or infiltration of the electrical conductive material into a ceramic 
scaffold [101] decreased the loading requirements to achieve percolation.  
This is due to the electrode scaffold always being connected to the electrolyte and the 
electronic phase is just decorated onto this. Thus, in theory, at percolation infiltration, no 
‘dead’ ionic or electronic phase should exist and the electrons can be supplied directly to the 
electrode functional layer. However, in conventional solid-state fabrication techniques, 
unconnected phases can exist within the electrode, so a higher loading of nickel is required to 
achieve percolation (Figure 3-7 E).  
In addition to achieving electronic percolation, for electron transport to the electrode 
functional layer, a finer microstructure at the interface will increase the density of triple phase 
boundary lengths [102]. However, if the electrolysers are electrode-supported, the supportive 
structure has to be porous to avoid gas diffusion limitations, so graded electrodes [103, 104] 
would be beneficial to achieve the correct structures within different parts of the electrode. 
For electrolysis cells, the effect of pores was also studied by Shao et al. [105], by measuring 
the effect of pore former addition during the manufacturing step on reactor performance. This 
shows that tailoring of the microstructure of the electrode is as important as the identity of the 
actual materials used. 
 
xi Besides sinterability, the thermal expansion coefficients of the electrolyte and electrode materials have to 
matched, as otherwise delamination will occur. 
 32 
                                                 
 
Chapter 3: Literature review  
 
Dense electrolyte
Electrode interconnect
 
Dense electrolyte
Electrode interconnect
 
  
Dense electrolyte
Electrode interconnect
pe
rc
ol
at
ed
 
Figure 3-7:  Ceramic scaffold infiltrated with electronic phase to achieve ionic and electronic percolation 
at lower electronic phase loading with (A) low electronic conductivity at low infiltration and 
(B) high electronic conductivity around percolation infiltration. (C) - (D) show exemplar NiO 
infiltrations at the scaffold/electrolyte interface with 8 and 37 wt% infiltrate, respectively. 
(E) Schematic of a conventional percolated electrode prepared by solid-state mixing. 
Alternative nickel-based cermets included combining nickel with ceria doped ScSZ [106, 
107], samaria-doped ceria [107] or impregnation of ruthenium-GDC into Ni-YSZ [108] to 
achieve higher ionic conductivity compared to YSZ, which should expand the electrode 
functional layer thickness. Impregnation with molybdenum-based ceria (Mo0.1Ce0.9O2+δ) has 
also shown to increase the resistance to sulphur and coke formation [109]. 
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Copper-based YSZ cermets have been investigated by Lee at al. [110]. However, their cell 
fabrication procedure is questionable, as the anode sintering step of 1300 °C was performed 
after the sintering step of the Cu-YSZ. CuO and Cu2O melt at 1227 and 1244 °C, respectively 
[111], and furthermore, solid-state reactions between copper and zirconia have been reported 
for temperatures as low as 1130 °C [112]. 
However, the nickel cermet electrodes re-oxidise in high steam concentrations, for which 
redox-stable perovskite electrodes might be a potential solution. Yang and Irvine [113] 
reported the use of redox-stable (La0.75Sr0.25)0.95Mn0.5Cr0.5O3 (LSCM) to be a promising 
cathode material at low H2 concentrations, e.g. for pre-reducing a pure steam feed. Jin et al. 
[114] extended the work to higher steam concentrations and reference electrode 
measurements revealing, that the SOE cathode overpotential made the dominant contribution 
to the reactor potential difference. Furthermore, LSCM is a mixed electronic and ionic 
conductor, essentially collapsing the triple phase boundary to a dual phase boundary 
(distributing reactivity over the entire electrode surface), thereby increasing the density of 
reactive surface sites [115] (Figure 3-8). 
Cathode reaction: 
CO2+2e- → O2- + CO
CO2 splitting at triple phase boundary
CO2 splitting over entire 
cathode surface 
(‘two phase boundary’)
(C) Mixed ionic-
electronic conductor
(B) Electronic and ionic 
conductor composite
(A) Pure electronic 
conductor
CO2 in    
              
                CO out
CO2 in    
              
                CO out
CO2 in / CO out
Electrons
Oxygen ions
Mixed ionic-electronic conductor
Active reaction site
Electronic conductor
Ionic conductor
 
Figure 3-8:  Carbon dioxide splitting at a pure electronic, composite and mixed conducting cathode. 
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However, the electronic conductivity of the LSCM perovskite is not as high as for a nickel 
cermet (5.3× 103 and 1.2 × 105 S m-1 for LSCM [116] and Ni-YSZ [117], respectively, at  
850 °C). Hence, impregnating LSCM with metallic catalysts, e.g. iron [118] or nickel [119], 
has been reported to enhance electronic conductivity; hence increase performance. The ionic 
conductivity was ehanced by doping with scandium [120]. Related cathode materials are 
titanate perovskites such as La0.3Sr0.7TiO3-δ (LST) [121] or more recently, doped titanates with 
enhanced performance by the inclusion of electrocatalytic metallic iron or nickel 
nanoparticles into LST [122] or niobium titanates [123]. However, despite promising 
electrolysis performance, none of these novel cathode perovskite materials has been 
investigated in long-term experiments (> 1000 hours, with reference to Section 3.4.2), so real 
long-term degradation effects are still uncertain.  
Symmetrical cells have been proposed and Sr2Fe1.5Mo0.5O6-δ (SFM) identified as a suitable 
redox-stable electrode to enable more facile cycling between fuel cell and electrolysis mode 
and manufacture of cells (minimum two thermal treatment steps for conventional Ni-
YSZ|YSZ|LSM-YSZ). In a SFM|LSGM|SFM cell, -0.73 A cm-2 has been achieved at 1.3 V, 
900 °C for 60 vol% steam humidity [124]. 
Table 3-2 compares the ‘novel’ electrode materials against the benchmark Ni-YSZ. This 
shows that though promising advances have been made especially with regard to redox-stable 
materials, the performance was not yet comparable to Ni-cermet electrodes on the full-cell 
level. Jin et al. [125] showed that the cathode (hydrogen electrode) overpotential dominated 
the electrolysis process (especially for Ni-cermet electrodes) compared to the contribution of 
the anode (oxygen electrode); thus, research should continue focusing on cathode 
improvements. 
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 Table 3-2:  State-of-the art solid oxide electrolyser developments with respect to the cathode (steam electrode) materials. 
Reference Electrolyte 
(thickness) 
Cathode 
(thickness) 
Anode 
(thickness) 
Cell 
configuration 
Temperature 
range / °C 
Current 
densityxii 
 / A cm-2 
Gas 
concentration  
(H2O/H2/inert) 
Comments 
Jensen et al. 
[35] 
YSZ  
(10 µm) 
Ni-YSZ  
(10+300 µm) 
LSM-YSZ 
(10 µm) 
planar 750 
950  
-0.61 
-2.65 
50/50/0 
70/30/0 
• ‘Benchmark’ Ni-YSZ 
cermet. 
Kim-
Lohsoontorn 
et al. [108] 
YSZ  
(25 µm) 
GDC infiltrated 
Ni-YSZ  
(1200 µm) 
LSM-YSZ 
(30 µm) 
planar 700 
800 
-0.05 
-0.14 
54/23/23 • Further steam ratios 
investigated. 
Chen et al. 
[109] 
YSZ  
(30 µm) 
Mo0.1Ce0.9O2+δ 
infiltrated Ni-
YSZ  (N/A) 
LSM-YSZ 
(30 µm) 
planar 700 
800 
-0.29 
-0.77 
70/30/0 
70/30/0 
• Further steam ratios 
investigated. 
• Increased sulphur and 
carbon tolerance. 
Jin et al. [114] YSZ  
(300 µm) 
LSCM-YSZ  
(55 µm) 
LSM-YSZ 
(70 µm) 
planar 800 
900 
-0.18 
-0.33 
60/0/40 
60/0/40 
• Redox stable (no H2 
required). Steam ratios 
between 20-80 % 
investigated. 
Tsekouras et 
al. [122] 
YSZ  
(2000 µm) 
Ni doped LST  
(8 µm) 
LSM-YSZ 
(10 µm) 
planar 700 
900 
-0.01 
-0.12 
47/3/50 • Variations of LST 
investigated. Relatively low 
performance due to thick 
electrolyte, no records of 
electrode-supported 
systems. 
xii Current densities were reported at 1.3 V cell potential difference, which corresponds to the approximate thermo-neutral potential difference of steam reduction in the 
temperature range investigated and so would correspond to the ideal operating cell potential difference for long-term stability. 
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3.1.1.2.2 Anodes 
For the oxygen electrode (anode in SOE mode), the most common material used is lanthanum 
strontium manganite (LSM), as discussed in section 3.1.1.1. Due to its low ionic conductivity, 
it is normally used in conjunction with YSZ, with which it exhibits chemical compatibility 
and well-matched thermal expansion coefficients [115, 126]. As for the steam electrode, the 
same triple-phase boundary principles apply. Thus, generally tailoring the microstructure 
[127], grading the LSM electrode [128], improvement by composite LSM-YSZ powders 
[129]  or infiltration into an YSZ scaffold [130, 131] are applicable.  
As for the fuel cathode, the concept of a mixed electronic and ionic material has been 
employed for the oxygen electrode. Perovskites of the lanthanum strontium iron oxides (LSF) 
family [132] do fulfil these criteria and are also compatible with potential interlayers in the 
case of cobalt-doped LSF (LSCF) [133], to prevent cobalt reactions with the YSZ or 
delamination due to mismatched thermal expansion coefficients. Impregnation of LSCF is 
another possibility to circumvent high fabrication temperatures responsible for solid-state 
reactions at the electrolyte|electrode interface forming resistive SrZrO3 and La2Zr2O7 phases 
[134]. 
Nickelate oxides are an additional class of mixed electronic and ionic materials for which 
dopants include lanthanum, praseodymium or neodymium [135, 136]. Further promising 
mixed electronic-ionic electrode materials include barium-based materials doped with 
strontium (II), iron (III), cobalt (II) or niobium (V). The performance of 
Ba0.9Co0.5Fe0.4Nb0.1O3-δ oxygen electrodes has reported to be ca. -1.5 A cm-2 at 800°C, 1.3 V 
and 40 vol% humidity. Stability over 200 hours has been demonstrated, though the charge 
yields have not been confirmed experimentally [137, 138]. 
Figure 3-9 summarizes the current densities achieved for H2O reduction at 1.3 V, taking into 
account electrolyte, cathode and anode developments.  
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Figure 3-9:  Current densities reported for H2O electrolysis at ca. 1.3 V for different materials and 
temperatures discussed in Section 3.1.1 and 3.2. 
3.1.2. CO2 electrolysis  
The difference between steam and carbon dioxide splitting has been assumed to affect only 
the cathode reactions, so the same developments apply for the oxygen-electrode (SOE anode) 
as discussed for steam electrolysis. Furthermore, ion transport through the electrolyte, again, 
is assumed to be unaffected to some extent, so similar material considerations apply, with 
current developments including high and intermediate temperature electrolyte materials e.g. 
YSZ [139] and LSGM [140]. Obviously, the nature of the cathode material and its 
compatibility with the electrolyte materials chosen is still important. Some of the most 
promising state-of-the-art CO2 electrolysers are summarized in Table 3-3. 
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Table 3-3:  Most promising state-of-the art planar solid oxide electrolyser developments for CO2 
splitting. 
Reference Cell configuration Current 
densityxiii 
 / A cm-2 
Operating 
conditions 
Comments 
Ebbesen et 
al. [139] 
E: YSZ (10-15 µm) 
C: Ni-YSZ (300+15 µm) 
A: LSM-YSZ (15-20 µm) 
-0.9  
(at 1.26 V) 
850 °C 
70/30 
CO2/CO 
 
Wang et al. 
[140] 
E: LSGM (300 µm) 
C: Ni-based metallic 
cathodes (N/A) 
A: Ba0.6La0.4CoO3 (N/A) 
-0.2 to -0.8 800 °C 
50/1/49 
CO2/CO/Ar 
• Metal dopant included 
Fe >Ru>Cu>Ni>Pt>Co. 
Gas chromatography 
off-gas analysis. 
Cheng et al. 
[141] 
E: YSZ (250 µm) 
C: Cu-GDC (40 µm) 
A: LSM-YSZ|LSM (80 µm) 
-0.05 750 °C 
50/50 
CO2/CO 
• Variations of CO2/CO 
ratios have been 
investigated. 
Comparison to Ni-YSZ 
electrode. 
Bidrawn et 
al. [142] 
E: YSZ (65 µm) 
C: LSCM, Pd and CZY 
infiltrated into YSZ (60 µm) 
A: LSF infiltrated into YSZ 
(300 µm) 
-1.74 800 °C 
pure CO2 
• Variations of CO2/CO 
ratios and temperature 
investigated. Best 
performing electrolyser. 
 
As for steam electrolysis nickel-cermet electrodes were commonly used, resulting in 
acceptable performance of -0.8 A cm-2 at 1.2 V and 850 °C [139]. At low applied cell 
potential differences, no carbon coking has been detected. However, nickel is known to 
catalyse the Boudouard reaction (Equation (3-1)), especially at low operating temperatures 
and high partial pressures of carbon monoxide; i.e. high conversions. Studies to understand 
the carbon deposition processes included Raman spectroscopy [143, 144] and computational 
simulations [145] in operating conditions that would facilitate carbon formation, e.g. by:  
 ( ) 2( ) ( )2 gas gas solidCO CO C→ +  (3-1) 
 22( ) ( ) ( )4 2gas solid YSZCO e C O
− −+ → +  (3-2) 
xiii Current densities were reported at 1.5 V cell potential difference, unless otherwise indicated, which 
corresponds to the approximate thermo-neutral potential difference of carbon dioxide reduction in the 
temperature range investigated and so would correspond to the ideal cell potential difference for long-term 
stability. 
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 2( ) ( ) ( )2gas solid YSZCO e C O
− −+ → +  (3-3) 
Therefore, to extend the range of operability, research into alternative cathode materials has 
received great attention. Pt-YSZ cermet electrodes were firstly too expensive for a wide-
spread use and secondly, their performance was not comparable to nickel-based cells [146].  
Huang et al. [147] reported on the relative effectiveness of copper, silver and platinum on 
CO2 reduction, ranking them Cu > Ag > Pt, implying copper to be a good choice for CO2 
splitting. However, as discussed for H2O electrodes, direct sintering options with YSZ are not 
available, higher temperatures triggering solid-state reactions and lower temperatures 
promoting Cu out-diffusion due to insufficient adherence [148], and thus, indirect fabrication 
methods such as impregnation have to be employed [149]. However, recently, the use of 
direct sintered Cu-GDC electrodes has been reported by Cheng et al. [141], as GDC decreases 
the sintering temperature requirements to achieve a connected network and also provides 
enhanced ionic conductivity. Performance was only slightly lower compared to that of a Ni-
YSZ electrode and no additional phases due to solid-state reactions between CuO and GDC 
could be detected. The use of GDC alone, due to its mixed ionic and electronic conductivity at 
high temperatures, has also been reported [150]. However, at high polarizations (2.0 V) it has 
been shown using X-ray spectroscopy (XPS) that the electro-formed ceria (Ce3+), which was 
believed to facilitate the reaction pathway, also catalysed the Boudouard reaction, leading to 
graphite carbon formation on the surface [151]. 
There is a substantial literature on coke formation in solid oxide fuel cells operating on natural 
gas [152]. Hence, proposed solutions to decrease coke formation during steam reformation 
might also be applicable for solid oxide electrolysis, though electrode potentials differ 
significantly in the two systems. In addition to copper, materials to supress coke formation 
include Sn>As>Ag>Pb>Sb and precious metals such as Au, Pt>Ru>Pd [153, 154, 155, 156], 
though there is usually a trade-off between coke formation rates and overall steam 
reformation efficiency, as a result of doping the Ni catalyst; hence there might be a 
performance loss as a result of electrode modification. 
Of these materials, especially tin has been shown to be effective for coke suppression [154] 
and thus, enhanced stability of Ni-YSZ cathodes [157], which has been explained of the 
bimetallic nature of the Sn-Ni surface alloy [158]. Furthermore, tin has also been shown to be 
effective against sulphur poisoning (at 1-5 ppm H2S) [159]. Fabrication methods included 
impregnation of the NiO particles or directly into the NiO-YSZ cathode, as metallic Sn melts 
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at 231 °C [111]. Elemental tin will be produced during chemical reduction with hydrogen or 
electrochemically according to Equation (3-4) or (3-5), respectively. 
 2 2 22 2
chemical reductionSnO H Sn H O+ → +  (3-4) 
 22 ( )4 2
− −+ → +electrochemical reduction YSZSnO e Sn O  (3-5) 
However, the tin will then form solid Sn-Ni phases according to the phase diagram presented 
in Figure 3-10. 
 
Figure 3-10:  Sn-Ni phase diagram. Reprinted from Gosh [160] with permission from Springer Science + 
Business Media. 
Contrastingly, Singh and Hill [161] reported that Sn actually did not supress carbon formation 
at low steam ratios and high temperatures. Furthermore, Sn loss from the electrode was 
observed during long-term testing. These different observations were attributed to factors 
such as particle size discrepancy between pure reforming catalyst studies and fuel cell 
electrodes indicating that preparation of the catalyst was a determining factor in coke 
formation [162]. Some reduction in carbon formation using Ni-Fe alloys has been reported by 
Zhu et al. [163], though the effect was very concentration and catalyst preparation dependent. 
Among the precious metals, Ru showed promising performance to supress carbon formation 
[156, 164, 165]; however, the usage of precious metals will be limited due to their costs.  
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With the risk of carbon formation at high CO partial pressures, electrodes for stable operation 
in high CO2 partial pressure were of particular interest. Therefore, as for steam electrolysis, 
perovskite-based electrodes are potential candidates, as they are more redox-stable. In 
addition, oxide-based electrodes have a lower tendency of catalysing the formation of C-C 
bonds, so providing resistance against coke formation [153]. Bidrawn et al. [142] reported the 
use of co-infiltrating La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM), palladium and Ce0.48Zr0.48Y0.04O2 into an 
YSZ scaffold, with good performance of ca. -0.96 and -1.8 A cm-2 at 1.5 V for a pure CO2 
feed at 700 and 800°C, respectively. The addition of co-catalysts (e.g. palladium) is assumed 
to be the improving factor, as similar behaviour was determined comparing copper and iron-
doped LSCM with pure LSCM, displaying a performance enhancement [166, 167].  The 
doped cerium zirconate enhances the performance, too, as slightly higher performance for a 
LSCM-GDC electrode compared to LSCM-YSZ in electrolysis mode was reported by Yue 
and Irvine [168]. This could possibly be ascribed to partial reduction of the cerium (IV) under 
reducing conditions enhancing electron transport within the electrode. Further peroskite 
electrode materials include doped (strontium, scandium, manganese) titanates [169, 170] or 
(strontium, manganese) ferrites [171].  
3.1.3. Co-electrolysis 
Co-feeding CO2 and H2O provides the possibility to produce synthesis gas (CO + H2), which 
would be useful to upgrade electrolysis products further, for example by converting syngas to 
synthetic liquid fuels by Fischer-Tropsch process [172] or in-situ methanation within the 
electrolyser [173], which will be discussed further in Section 3.5. Similar electrode and 
electrolyte considerations apply as for separate CO2 and H2O electrolysis and representative 
cells outlining the most promising developments are summarized in Table 3-4.  
Noticeably, it has been found that pure H2O outperformed pure CO2, due to higher cathodic 
overpotentials for CO2 splitting [174, 175, 176, 177]. Deviations from this general trend 
reported by Yue and Irvine [178], were explained by insufficient steam feed supply causing 
reactant diffusion to be the limiting factor. Co-electrolysis performance has been reported 
mainly to be identical to steam electrolysis alone or in-between H2O and CO2 reduction. Thus, 
some uncertainty exists about the extent of direct CO2 electrolysis and chemical reaction of 
CO2 with electrochemically produced hydrogen via the (reverse) water gas shift reactionxiv 
xiv Reaction kinetics for the water gas shift reaction have been reported for the heterogeneous [391] and 
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(WGS) during co-electrolysis mode; i.e. direct CO2 reduction via Equation (1-1) or indirectly 
via Equation (1-2) followed by Equation (1-6/3-6). 
 2 2 2
RWGS
WGS
CO H H O CO→+ +←  (3-6) 
Stoots et al. [174] claimed that the principal electrochemical reaction was steam reduction 
based on similar area specific resistances (ASR) for steam and co-electrolysis. This view is 
supported by adsorption/desorption considerations by Zhan and Zhao [50].  
 
Figure 3-11:  U-j relationship for H2O, CO2 and co-electrolysis highlighting different performance 
behaviour patterns observed for co-electrolysis [174, 175]. 
However, Graves et al. [175, 179] found the ASR of co-electrolysis to lie between that of CO2 
and H2O electrolysis, inferring that H2O as well as CO2 are reduced electrochemically in co-
electrolysis mode. Furthermore, they extended their argument criticising other researcher’s 
work, explaining that similar ASR values were being a consequence of poor experiment 
design (different conversion resistances), rather than genuine evidence for a clear distinction 
between direct electrochemical H2 production and indirect CO2 reduction. Their view is 
homogeneous [390], indicating that the heterogeneous reaction is fast, whereas the homogeneous reaction rate 
can be neglected in solid oxide systems. 
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supported by modelling results [180]. A recent modelling study by Li et al. [181] suggested 
that the relative contribution of electrochemical versus heterogeneous chemical reactions is 
even more complex and includes factors such as the microstructure (e.g. porosity, particle 
size). Exemplar U-j performance correlations of the two different views within the literature 
are presented in Figure 3-11. 
Figure 3-12 summarizes the current densities achieved at a fixed cell potential difference of 
ca. 1.3 V for different cell reactor systems reported, indicating generally comparable 
performance to that of the more researched steam electrolysis (Figure 3-9).  
 
Figure 3-12:  Current densities reported for co-electrolysis at ca. 1.3 V for different materials and 
temperatures. If available, performance for H2O and CO2 for the same cell are also included 
(for more details of the references – see Table 3-4). 
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 Table 3-4:  State-of-the art solid oxide electrolyser developments for co-electrolysis 
Reference Electrolyte 
(thickness) 
Cathode 
(thickness) 
Anode 
(thickness) 
Cell 
config. 
Temp. 
/ °C 
Current densityxv 
 / A cm-2 
Gas concentration  
(H2O/H2/CO2/CO/ 
inert) 
Comments 
1.3 V 1.5 V 
Graves et al. 
[175] 
YSZ  
(10-15 µm) 
Ni-YSZ  
(300 µm) 
LSM-YSZ 
(15-20 µm) 
planar 850  -1.13 
-1.01 
-0.87 
(at 1.26 V) 
N/A 
N/A 
N/A 
50/50/0/0/0 
25/25/25/25/0 
0/0/50/50/0 
• H2O > H2O-CO2 > CO2 
         •  
Stoots et al. 
[174] 
ScSZ  
(150 µm) 
Ni-cermet  
(N/A) 
Doped 
manganite 
(N/A) 
planar  
(10 cell 
stack  
- in series) 
800 -0.31 
-0.31 
-0.13 
N/A 
N/A 
N/A 
54.8/22.5/0/0/22.7 
54.9/22.5/22.6/0/0 
0/0/100/0/0 
• H2O = H2O-CO2 >> CO2 
Kim-
Lohsoontorn 
and Bae 
[176] 
YSZ  
(1500 µm) 
Ni/Ru-GDC  
(30 µm) 
LSM-YSZ  
(30 µm) 
planar 800 -0.08 
-0.08 
-0.053 
 
-0.11 
-0.11 
-0.075 
 
38/38/0/0/24 
12.5/12.5/12.5/12.5/50 
0/0/44/44/12 
• H2O = H2O-CO2 >> CO2 
electrolysis performance. 
• Cathodes performance: 
Ni/Ru-GDC > Ni-GDC > 
Ni-YSZ. Anode materials 
included LSM-YSZ, LSCF 
and LSF. 
Moyer et al. 
[177] 
YSZ  
(20 µm) 
Ni-YSZ  
(1000 µm) 
LSM-
YSZ|LSM 
(30 µm) 
tubular 850 -0.48 
-0.46 
N/A 
N/A 
59/25/0/0/16 
5/10/49/20/16 
• Extensive modelling to 
support experimental data. 
xv Current densities were reported at 1.3 and 1.5 V cell potential difference, if available, which corresponds to the approximate thermo-neutral potential difference of steam 
and carbon dioxide reduction, respectively, in the temperature range investigated. 
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  • H2O ≈ co-electrolysis 
performance, steam 
concentrations are < 5% in 
the latter (concentration 
limitations). 
         •  
Zhan et al. 
[182] 
YSZ  
(10 µm) 
Ni-YSZ  
(600 µm) 
LSCF-GDC 
(20-30 µm) 
planar 800 -1.00 
-1.05 
-1.38 
N/A 
N/A 
N/A 
50/50/0/0/0 
0/25/75/0/0 
50/25/25/0/0 
• Co-electrolysis > CO2 
electrolysis performance. 
Lower steam electrolysis 
performance was due to 
concentration polarization, 
because of lower feed 
reactant concentration. 
Yoon et al. 
[183] 
YSZ  
(80 µm) 
Doped (CeO2 and 
Pd) 
La0.7Sr0.3V0.9O4 
infiltrated into 
YSZ (40 µm) 
LSF 
infiltrated 
into YSZ 
(40 µm) 
planar 800 -0.78 
-1.03 
-0.66 
 
-0.85 
-1.55 
-1.09 
23/3/0/0/74 (H2O) 
23/0/62/15/0 (H2O-
CO2) 
0/0/80/20/0 (CO2) 
• Steam reactant limitations, 
but electrode polarisation 
for co-electrolysis being 
similar to steam rather than 
CO2 electrolysis. 
Xing et al. 
[184] 
LSGM 
(250 µm) 
Cu infiltrated 
LSCM (100 µm) 
LSCF-
LSGM  
(100 µm) 
planar 750 -0.51 
-0.71 
-0.84 
-0.88 
-1.06 
-1.14 
-1.19 
-1.34 
50/50/0/0/0 
50/37.5/12.5/0/0 
50/25/25/0/0 
50/12.5/37.5/0/0 
• Ohmic potential loss 
dominates; thus, no 
conclusion about H2O vs. 
CO2 possible.  
• Difference in performance 
mainly due to different 
UOCPD; i.e. similar shaped 
graphs shifted along the y-
axis (U). 
Yue and 
Irvine [178] 
YSZ  
(2000 µm) 
LSM-GDC  
(30-40 µm) 
LSM-ScSZ 
(30-40 µm) 
planar 900 -0.10 
-0.10 
-0.10 
-0.15 
-0.15 
-0.15 
25/5/0/0/70 
0/0/70/30/0 
7/3/47/20/25 
• Insufficient steam delivery 
and general behaviour was 
mainly dominated by the 
ohmic resistance. 
         •  
Zhan and 
Zhao [50] 
YSZ  
(20 µm) 
Ni-YSZ  
(150 µm) 
LSCF-
GDC|LSCF 
(30 µm) 
planar 700 
800 
-0.50 
-1.05 
N/A 
N/A 
0/25/75/0/0 
0/25/75/0/0 
• Pseudo-co-electrolysis 
(H2O reactant produced via 
reverse shift-reaction). 
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Though co-electrolysis has been reported to suppress carbon formation [185], CO is removed 
by H2O via the reverse water gas shift reaction (Equation (3-6)) [186]; recent investigations 
show that operation at high cell potential differences and reactant conversions, carbon 
formation took place even for co-electrolysis. Carbon fibres were formed at the 
electrode|electrolyte interface [187], blocking triple phase boundaries. Attempts to explain the 
mechanism of this carbon deposition and growth were provided by Tao et al. [188], indicating 
that the catalyst for carbon nano-tube growth was zirconia (not nickel as in SOFC coking), 
which was turned into a mixed ionic and electronic conductor during high cathodic 
polarization due to Zr (IV) reduction. Hence, care has to be taken to choose optimal 
operational conditions or the electrodes have to be replaced with carbon-resistant versions, as 
discussed for CO2 electrolysis. 
3.1.4. Mechanisms for H2O and CO2 splitting 
The exact mechanism of water splitting is still debated within the literature. However, 
modelling suggests, that describing the charge transfer process (of H2O reduction) by a simple 
1-step rate determining mechanism is insufficient. Furthermore, the pathway might depend on 
gas composition as well as applied overpotentials [189]. Different possibilities for the 
heterogeneous surface reactions also exist, as adsorbed species can react further or indeed 
dissociate on adsorption [190, 191]. Some of the reported mechansims are discussed below. 
Note: they are applicable only for separate electronic and ionic conductors, not mixed 
conductor materials, whereas even for different electronic conductors, different reaction 
mechanism or rate determining steps might exist, as suggested by Graves et al. [192]. 
According to Ge et al. [193], the H2O splitting on a Ni-YSZ electrode could be represented by 
Equation (3-7) to (3-11) and is summarized schematically in Figure 3-13. By analysing 
electrochemical impedance data, they found the adsorption/desorption of H2O to be slower 
than H2. Furthermore, the adsorbed H atom was very mobile and thus, desorption could 
potentially take place all over the electrode [102]. Furthermore, the charge transfer at the 
triple phase boundary has been identified to be slow, leading to charge accumulation at the 
reaction interface, which further increases charge transfer resistance and thus, charge transfer 
is likely to be the rate determining step. This mechanism was similar to the hydrogen spill-
over mechanism proposed by Moyer et al. [177]. 
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Figure 3-13:  H2O splitting according to Ge et al. [193]. Reprinted from Ge et al. [193], Copyright 2015, 
with permission from Elsevier. 
 2 ( ) 2 ( , )gas ads TPBH O H O→  (3-7) 
 ( ) ( )Ni TPBe e
− −→  (3-8) 
 ( )2 ( , ) ( ) ( , ) ( ) ( , ) ( )ads TPB TPB Ni TPB ads Ni TPB TPBH O e S H S OH− −+ + → +  (3-9) 
 ( ) 2( ) ( ) ( , ) ( ) ( , ) ( )TPB TPB Ni TPB ads Ni TPB YSZOH e S H S O− − −+ + → +  (3-10) 
 ( )( ) ( , ) 2 ( ) ( )2 2ads Ni TPB gas TPBH S H S→ +  (3-11) 
Contrastingly, Jin et al. [125] proposed dissociative adsorption of the steam, with migration of 
the adsorbed H+ ions to the triple phase boundary. However, as neither oxide ions could 
diffuse through the nickel, nor could adsorbed H+ diffuse through YSZ, all steps outlined in 
Equation (3-12) to (3-16) should occur at the TPB and Equation (3-15), the H+ migration step, 
is not required. A schematic of the pathway is outlined in Figure 3-14. Evidence against this 
mechanism was, that it involves a two-electron step reduction of protons at the TPB and most 
experimental kinetic data fitting favoured a one-electron multiple step mechanism. 
 2 ( ) 2g adsH O H O→  (3-12) 
 2 ( )ads ads adsH O OH H
− +→ +  (3-13) 
 2( ) ( ) ( )ads ads adsOH O H
− − +→ +  (3-14) 
 ( ) ( )ads TPBH H
+ +→  (3-15) 
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 ( ) 22 2TPBH e H
+ −+ →  (3-16) 
Ni YSZ
H2O
OH-(ads)
H+(ads)
O2-(ads)
H+(ads)2e-
H2
 
Figure 3-14:  H2O splitting, drawn with mechanistic information provided by Jin et al. [125]. 
Dissociative adsorption was also assumed to be the only possible adsorption mechanism of 
steam on the Ni surface according to Dasari et al. [190], though they even excluded the 
formation of hydroxide species. Thus, their reaction scheme is outlined in Equation (3-17) to 
(3-19) and shown schematically in Figure 3-15. A variation on this is reaction of the oxygen 
ion adsorbed on nickel with a vacant surface site on YSZ and subsequent reaction on there; 
this is also known as the oxygen-spillover mechanism [177].  
 2 ( ) ( , ) 2 ( )gas ads Ni gasH O O H→ +  (3-17) 
 ( , ) ( , )ads Ni Ni ads NiO e O
− −+ →  (3-18) 
 2( , ) ( )ads Ni Ni YSZO e O
− − −+ →  (3-19) 
Ni YSZ
H2O
O(ads, Ni)
O2-(YSZ)
H2
O-(ads, Ni)
e-
e-
 Ni YSZ
H2O
OH(ads, YSZ)
O2-(YSZ)
H2
O-(ads, TPB)
H(ads, TPB)
H(ads, TPB)
e-
e-
 
Figure 3-15:  H2O splitting, drawn with mechanistic information provided by Dasari et al. [190] with (A) 
adsorption on Ni and (B) adsorption on YSZ. 
(A) 
(B) 
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As the reaction interface is supposedly located on the triple phase boundary, these two 
variations are very similar. In addition, they also postulated dissociative water adsorption on 
YSZ leading to OH surface species, so an additional reaction path outlined in Equation (3-20) 
to (3-22) was possible. Surface diffusivities predicted limitations for O diffusion on Ni and 
OH diffusion on YSZ (relevant for steps expressed by Equation (3-19) and (3-20)), thus, they 
might be the rate determining steps in the two reaction pathways. 
 ( , ) ( ) ( , ) ( , )ads YSZ Ni ads TPB ads TPBOH e O H
− −+ → +  (3-20) 
 2( , ) ( ) ( )ads TPB Ni YSZO e O
− − −+ →  (3-21) 
 ( , ) ( , ) 2 ( )ads TPB ads TPB gasH H H+ →  (3-22) 
Other proposed mechanism, applicable for high overpotentials, involve the formation of a 
reduced electrolyte surface or even a complex defect between the Zr and O in the lattice upon 
injection of electrons, with this complex reacting rapidly with water, reforming the original 
YSZ structure, followed by fast H-H recombination and desorption [194, 195]. This 
potentially extended the active surface sites, as the electrolyte was now partially electronic 
conductive; however, especially for thin electrolyte layers, the risk of short-circuiting the 
electrolyte exists. This mechanism of a reduced species was also observed for cerium-based 
electrodes, which are mixed ionic and electronic conductive, whereby the Ce4+ is reduced to 
Ce3+, simultaneously oxygen vacancies were transferred from the electrolyte to the CGO 
electrode and subsequent reaction with H2O occured. The formation of reduced species has 
been confirmed by in-situ X-ray photoelectron spectroscopy (XPS) analysis [196].  
For the oxygen transfer in CO2 electrolysis, following adsorption (dissociative or with sub-
steps), a two-step charge transfer was also most likely [197] via the oxygen spill-over 
mechanism (Equation (3-23) to (3-25)). Although results of the CO oxidation have been 
reported in the literature, caution has to be taken in just reversing the reaction scheme, as a 
model developed for fuel cell mode, might not necessarily fit the SOE mode [198]. However, 
the experimental approaches taken for fuel cells such as patterned electrodes [199, 200, 201] 
should be applied to solid oxide electrolysis studies to extract more reliable kinetic data. On 
platinum, the rate determining step was found most likely to be the second incorporation of an 
electron, based on experimental data fitting [202] – similar to Equation (3-25).  
 2( ) ( )+ → +gas Ni gas NiCO S CO O  (3-23) 
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 ( )Ni YSZ Ni YSZ NiO S e O S
− −+ + → +  (3-24) 
 2YSZ Ni YSZO e O
− − −+ →  (3-25) 
As for H2O splitting on ceria-based materials, the ceria was actively involved in the reduction 
pathway via a process called reversible polaron hopping (Equation (3-26)). In addition, XPS 
detected a carbonate intermediate formed during the global reaction pathway (Equation (3-27) 
and (3-28)) [203]. 
 4 32 2 2+ − + ×+ → + OCe e Ce V  (3-26) 
 2 22 ( ) ( ) 3 ( )
− −+ →gas surface surfaceCO O CO  (3-27) 
 2 3 2 43 ( ) ( ) ( )2 2 2
− × + − ++ + → + +surface O gas surfaceCO V Ce CO O Ce  (3-28) 
For co-electrolysis, the water gas shift reaction has been shown to be faster than the 
electrochemical reactions at temperatures between 750-1000 °C [204]. However, as outlined 
in Section 3.1.3, there is still a debate about electrochemical versus chemical reactions. 
Furthermore, for the H2O-H2-CO2-CO system, additional surface species might exist, which 
could alter the reaction pathways; no experimental data or modelling has been presented to 
address this issue.  
The anodic oxidation of the oxide ions should follow a similar pathway, regardless of the 
cathodic process, i.e. CO2 or H2O splitting. The oxidation on LSM-YSZ electrodes is believed 
to occur via a two-step charge transfer, which could occur at the triple phase boundary or even 
on the LSM electrode surface [125]. The later has been explained by the activation of the 
LSM lattice under anodic polarization. Segregated strontium oxides, which increase the 
interface resistance, were incorporated into the LSM lattice, so reversing inhibition of active 
sites and creating oxygen vacancies. This activation process led to higher oxygen ion 
transport rates through the LSM-YSZ electrode, enhancing its performance [129]. 
3.1.5. Digression: Solid oxide electrolyser computational modelling 
As discussed in Section 2.2, in theory, the results of an electrochemical reactor could be 
modelled by fitting experimental data and obtaining, for example, α which can be used to 
obtain information about the rate determining steps [44]. However, caution has to be taken 
using this approach, as often the global performance data is fitted and the electrode functional 
layer thickness and the current density variation within it have been neglected (cf. Section 
3.1.1.2 and Figure 3-6). Moreover, the exchange current density j0 has usually been reported 
 51 
Chapter 3: Literature review  
 
normalized to a projected area. Strictly speaking, the kinetics should be defined per triple 
phase boundary (TPB) density, which depends on the microstructure, electrode materials and 
reactant gases. Thus, the TPB density might vary drastically between cells of different 
geometries and predictive modelling results might be misleading. More rigorous modelling 
approaches have been suggested by Bessler et al. [205] using elementary kinetic modelling. 
To fully utilize their predictive capability, ‘true’ kinetic data from, for example, patterned 
electrode measurements should be used [198, 199, 200, 201]. However, bridging between 
elemental TPB-scale kinetics and global performance macro-scale reactors has not been 
widely adopted; firstly, because of the limited amount of experimental kinetic data and 
secondly, because predicting or measuring the TPB density for a complex geometry electrode 
is difficult as outlined in Section 3.1.1.2. 
3.2.  (Tubular) reactor designs 
Electrolysers (and fuel cells) are usually either of planar or tubular geometry, though the 
former is more widespread within the research field of solid oxide cells. This is mainly due to 
the ease of fabrication both on lab-scale testing (e.g. pellet pressing combined with screen-
printing) or large-scale including methods such as tape-casting [206, 207]. The learning curve 
for planar cells is more advanced and the progress in development is faster. Karakoussis et al. 
[208] showed by life cycle analysis that while tubular systems have a higher energy 
consumption associated with the manufacture, their material supply has lower emissions, so 
there is scope for improvement in the fabrication to make tubular reactors comparable to 
planar systems. 
However, the advantages of tubular cells are improved mechanical and thermal stability; 
hence, faster start-up times are possible, as well as easier sealing [209, 210]. Compared to 
planar cells, tubular cells provide the possibility of locating the ends of the tubes outside the 
hot-zone and so relax the restrictions on possible sealants. However, the current densities 
achieved on tubular cells are not yet comparable to those with planar cells, which is due to 
very non-uniform current density, as shown by modelling [211]. The main reason of the non-
uniformity was imperfect current collection, especially on the inside of the tubes leading to 
high axial ohmic losses. Micro-tubular reactor development is beneficial in terms of 
performance, as the volumetric current density drastically improves at smaller cell dimensions 
(Figure 3-16). Furthermore, advantages such as the cell stability become more pronounced; 
however, disadvantages are also made more severe, as current collection is even more 
difficult, as is scale-up by connection of unit cells in series and parallel. 
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Figure 3-16:  Volumetric current density for triangular and square packed stacks. Derivations of the 
equations can be found in Appendix E. 
Table 3-5 highlights the development in tubular reactor design for electrolysis with most 
systems focusing on steam electrolysis; Figure 3-17 compares the current densities achieved 
at 1.3 V, close to the thermo-neutral potential for water splitting. Current densities were 
usually of order -0.5 A cm-2 for ScSZ and YSZ, whereas with advanced cell design (e.g. thin 
electrolytes) current densities in excess of -1.5 A cm-2 were achieved. This makes tubular 
electrolysers competitive in performance with their planar counterparts (Table 3-1 and Table 
3-2). Less work has been done on CO2 electrolysis, for which scope for improving cell design 
and operation exists.  
 
Figure 3-17:  Current densities reported for H2O electrolysis at ca. 1.3 V for different materials and 
temperatures (for more details for the references – see Table 3-5). 
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Fabrication methods can be grouped into: (1) all layers made by successive layer addition 
(e.g. using phase-inversion, dip or spray coating), (2a) large outer dimension (support) tube 
manufactured by extrusion or isostatic pressing, followed by successive layer application, or 
(2b) small outer dimension extruded tube (e.g. by phase inversion) with successive layer 
addition and/or infiltration. Noticeably, all manufacturing methods required a separate 
fabrication step for each layer, with processes either being expensive (e.g electrochemical 
vapour deposition) or potentially time-consuming (coating each layer). As shown in Figure 
3-16, smaller tube dimensions were beneficial, but with decreasing the cell dimensions, 
fabrication will become more difficult. Furthermore, the manufacturing has already been 
identified to be more energy demanding than planar cells [208]. Developing fabrication 
processes, which minimize the number of production steps will be one of the key factors of 
advancing tubular SOE development. 
The tubular concepts discussed here were based on circular one-channel geometry, though 
other geometries have been reported [212]. For steam electrolysis, flattened-tubular reactors 
have been proposed by Kim et al. [213] and current densities between -0.05 to -0.75 A cm-2 at 
1.3 V for 650-800 °C were achieved. 
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 Table 3-5:  Tubular solid oxide electrolyser developments  
Reference 
and year 
Materials Cell 
O.D.  
/ mm 
Fabrication 
technique 
Operating 
conditions 
Current 
density  
/ A cm-2 
Power 
densities (PD) 
/ W cm-2 
Comments 
Cathode Electrolyte Anode 
Dönitz and 
Erdle [60]  
Year: 1985 
Ni cermet 
(300 µm) 
YSZ  
(60 µm) 
doped LaMnO3  
(220 µm) 
14 Spray-coating (2a) 1000 °C 
15/85 H2O/H2  
(at outlet) 
-0.5  
at 1.33 V 
 
N/A • Stack development 
for H2 production 
• Part of the 
HOTELLY project 
Cell description from [214, 215]. 
Maskalick 
[61] 
Year: 1986 
Ni-YSZ  
(100-150 µm) 
YSZ  
(40 µm) 
LSM  
(2200 µm) 
30 Extrusion, slurry 
coating and 
electrochemical 
vapour deposition 
(2a) 
1000 °C 
76/24 
H2O/H2 
-0.32  
at 1.25 V 
N/A • Various 
temperatures and 
steam ratios 
Cell description from [215]. 
Hino et al. 
[216] 
Year: 2004 
Ni-YSZ  
(100-250 µm) 
YSZ 
(100-250 
µm) 
LaCoO3 
(100-250 µm) 
22 Generic coating 
(2a) 
950 °C 
Ca. 44/56 H2O/Ar 
-0.12  
at 15.6 V 
(for 
stack) 
N/A • 12 cell stack 
• Varied temperature 
• Comparison to 
planar system 
Kato et al. 
[217] 
Year: 2007 
Ni-YSZ 
(support 600-
1000 µm) 
Ni-CeScSZ 
(10-20 µm) 
Ce-doped 
ScSZ  
(5-10 µm) 
CGO (0.5 µm) 
(La0.6Sr0.4)CoO3 
(30-70µm) 
13 Slurry coating (1) 800 °C 
90/10 
H2O/H2 
-0.38  
at 1.3 V 
N/A • Varied steam ratios 
and temperatures. 
• Also tested a 3x3 
cell stack design 
[218]. 
Yang et al. 
[219] 
Year: 2010 
Ni-YSZ  
(500 µm) 
YSZ  
(15 µm) 
LSM-SDC 
infiltrated into 
YSZ (30 µm) 
1.5 Phase-inversion, 
dip-coating and 
impregnation (2b) 
900 °C 
80/20 
H2O/H2 
-2.57  
at 1.3 V  
1.1 at 0.7 V 
(1.25 peak 
PD) 
• Various steam 
concentrations  
Laguna-
Bercero et 
al. [74] 
Year: 2010 
Ni-YSZ  
(350-400 µm) 
YSZ  
(15-20 µm) 
LSM  
(60-80 µm) 
3.4 Iso-static pressing, 
wet-powder 
spraying and dip-
coating (2a) 
950 °C 
70/15/15 
-1.62  
at 1.3 V 
0.55 • Various steam 
concentrations and 
temperatures 
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 Wang et 
al. [80] 
Year: 2010 
NiO-ScSZ 
(250 µm) 
ScSZ  
(10 µm) 
GDC buffer 
layer (1 µm) 
LSCF-GDC 
AFL (30 µm) 
1.8 Ram extrusion and 
slurry coating (2b) 
650 °C 
60/4/36 
H2O/H2/Ar 
-0.55  
at 1.3 V 
 
N/A • Hydrogen 
production  concept  
• Various steam 
concentration 
Wang and 
Mori [220]  
Year: 2010 
Same as for Wang et al. [80] 650 °C 
18/8/74 
H2O/H2/Ar 
Pt: -0.06  
Ag: -0.42 
at 1.3 V 
Pt: 0.1 Ag: 0.6  
at 0.7 V 
(peak PD: 0.7 
and 1.7) 
• Current collection 
Ag>Pt 
Moyer et 
al. [177] 
Year: 2011 
Ni-YSZ  
(1000 µm) 
YSZ  
(20 µm) 
LSM-YSZ|LSM  
(30 µm) 
9.8 Extrusion, spray-
coating, roller 
printing (2a) 
850 °C 
59/25/16 
H2O/H2/Ar 
5/10/49/20/16 
H2O/H2/CO2/CO/Ar 
H2O: -0.5  
at 1.3 V 
CO2: -0.6  
at 1.4 V 
H2: 0.21  
at 0.7 V 
CO: 0.2  
at 0.7 V 
• Extensive 
modelling 
• Variation of gas 
composition and 
temperature 
Shao et al. 
[105]  
Year: 2013 
Ni-YSZ support  
(500-600 µm) 
Ni-ScSZ 
functional layer 
(5 µm) 
ScSZ 
(10 µm) 
LSM-ScSZ 
(40 µm) 
10 Repetitive dip-
coating (1) 
850 °C 
47/18/35 
H2O/H2/N2 
-0.42  
at 1.3 V 
0.63 at 0.7 V 
(0.74 peak 
PD) 
• Cathode porosity 
optimization 
• Long-term testing 
• SOE-SOFC cyling 
Dipu et al. 
[221] 
Year: 2014 
Ni-LSM  
(3 µm) 
YSZ  
(1500 
µm) 
LSM-YSZ  
(N/A) 
8 Dip-coating of 
electrodes (2a) 
900 °C 
50/50 CO2/Ar 
-0.002 at 
1.5 V 
N/A • Carbon recycling 
• Variation of 
CO2/Ar ratios and 
temperature 
Chen et al. 
[173] 
Year: 2014 
Ni-YSZ  
(310 µm) 
YSZ  
(12 µm) 
LSM-YSZ 
infiltrated into 
YSZ (30 µm) 
4.5 Phase-inversion on 
mould, dip-coating 
and painting (1) 
800 °C 
40/4/56 
H2O/H2/CO2 
-0.47  
at 1.3 V  
0.37 at 0.7 V 
(0.48 peak 
PD) 
• Various gas 
concentration 
• CH4 formation 
(~12%)  
Xie et al. 
[222] 
Year: 2015 
Ag-GDC  
(20 µm) 
YSZ  
(130 
µm) 
LSM-YSZ|LSM 
(N/A) 
11 Dip-coating and 
brush painting (1) 
800 °C 
pure CO2 
-0.65 at 
1.5 V 
N/A • Redox-stable 
cathode 
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Cells with inaccessible inner electrodes [74, 105, 177] normally use a nickel foam as the inner 
electrode (fuel electrode) and platinum wire/mesh or silver wire on the outer electrode 
(oxygen electrode). Some system designs applied Pt or Ag paste to increase contact between 
electrode and current collector. However, these cells have ca. 2.4-9 mm inner diameter, so 
insertion of the inner current collector is slightly easier than for a cell with an inner diameter 
< 1.5 mm [219].  
   
Figure 3-18:  (A) Tubular reactor with inaccessible inner electrode (Reproduced by permission of The 
Electrochemical Society from Laguna-Bercero et al. [74], Copyright 2010.) and (B) schematic 
of current collection for reactor with inaccessible inner electrode (Reproduced by permission 
of The Electrochemical Society from Moyer et al. [177], Copyright 2011.). 
Of the smaller micro-tubular reactors, only Wang et al. [80] provided information about their 
current collection, which was by a silver mesh fixed with silver wire for the anode and silver 
wire wrapped around the tube for the cathode. This was possible only because as all 
electrodes were accessible from the outside (Figure 3-19).  
 
Figure 3-19:  Micro-tubular reactor cell with exposed electrodes. Reprinted from Wang et al. [80], 
Copyright 2010, with permission from Elsevier. 
Maskalick [61] used interconnects from the inner electrode for current collection. This was 
possible as the electrolyte was not covering the entire circumference of the tube (Figure 3-20). 
However, the associate fabrication costs of this Westinghouse design led to its demise.  
(A) (B) 
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Figure 3-20:  Tubular reactor with partially exposed electrodes. Reprinted from Maskalick [61], 
Copyright 1986, with permission from Elsevier. 
Although tubular electrolyser stack development, including interconnecting, has been 
mentioned within the literature [60, 218], the concepts are again not universally applicable for 
all types of tubular cells and more research is required in this area. Some knowledge transfer 
in both current collection and stack design is possible from the solid oxide fuel cells, albeit 
design considerations have to take into account the difference, for example, in gas feeds, as 
well as heat management, due to the exothermic and endothermic nature of the fuel cell and 
electrolyser reactions. 
3.3. State-of-the-art (micro-) tubular solid oxide fuel cells 
For operating the solid oxide electrolyser cyclically in electrolyser and fuel cell modes, the 
performance achievable by reversible cells has to be compared to state-of-the-art tubular solid 
oxide fuel cells as a benchmark in order to evaluate, if coupling the two processes within the 
same reactor is sensible. Figure 3-21 shows the range of power densities achievable as a 
function of temperature for tubular reactors of different dimensions and materials. Feed gases 
were varied and included hydrogen, syngas and methane. Noticeably, the highest power 
density performances have been reported for ceria based electrolytes such as CGO, which can 
also fabricated in micro-tubular form [223].  However, as discussed previously, in electrolysis 
mode these materials will become partially electronic conductive and are therefore not 
suitable materials for electrolysis operation. For more detailed summaries of the different 
types of (micro-) tubular fuel cells the reader is referred to the work by Lawlor [212] and 
Droushiotis [223]. 
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Figure 3-21:  Effect of temperature on power densities with various electrolyte material for (micro-) 
tubular solid oxide fuel cells [212, 224, 225, 226, 227, 223, 228, 229, 230] at ca. 0.7 V cell 
potential difference. Filled symbols are for tubular reactors [219, 74, 220, 177, 173, 105], 
which have been discussed previously for solid oxide electrolysis operation. 
As for the electrolyser, various production routes have been suggested to fabricate tubular fuel 
cells, including extrusion, casting, dip coating, spray coating, different forms of vapour 
deposition and phase inversion [212, 231, 232, 233].  
With tubular geometries and especially with smaller dimensions, efficient current collection 
becomes an issue [47, 234], as imperfect contacts cause large axial potential losses; the 
individual cell length has been identified to be an important factor [235]. A novel concept to 
improve the current collection was to add an additional current collection layer on the inside 
of the tube, which has been proposed by Li et al. [236, 237]. This layer should ideally be 
highly electronic conductive, while sufficiently porous to allow gas diffusion; their achieved 
structure is shown in Figure 3-22.  
The effect of having a silver-coated inner electrode current collector has also been addressed 
through modelling; whereby Serincan et al. [238] concluded that no mass transport limitations 
would arise. Furthermore, conventional current collection via separate strands of silver will 
have a more detrimental effect on durability due to non-uniform currents, though no 
experimental verification has been done so far.  
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Figure 3-22:  Cross-section of CGO-Ni electrode|Ni current collection layer micro-tubular solid oxide fuel 
cell precursor geometry. Reprinted from Li et al. [236], Copyright 2014, with permission 
from Elsevier. 
Stack designs for micro-tubular fuel cells have been shown both experimentally and by 
modelling. Design considerations include cell potential difference and current specifications, 
i.e. parallel or series connection, current collection/interconnection, feed gas supply, sealing 
and modular design for maintenance (in case of cell failure) [235, 239]. 
3.4. Long-term operation and and scale-up 
3.4.1. Stack development 
Industrial size electrolysers would require scale-up of total active area. Scaling the individual 
cell level is limited by factors such as mechanical strength [240], gas distribution, thermal 
management and sealing. Thus, eventually the cells have to be arranged in stacks. This again 
has implications on the factors discussed for the individual cells. Moreover, additional 
potential losses (and contribution to cell degradation) can occur due, for example, to 
interconnects between the cells. Furthermore, operational considerations also need to be 
addressed; as with increased total cell area, reactant utilization increases and therefore 
concentration polarization becomes more relevant. Comparing stacks of 1, 2 and 30-cells, at 
steam conversions between 12.4-82.2%, the 30-cell stack required a 23% higher cell potential 
difference to maintain the set current density [241]. Different size stacks have been discussed 
in the literature and some of recent developments have been included in Section 3.4.2. 
3.4.2. Durability of SOE 
For commercialization not only the peak performance as presented in Section 3.1 is important, 
but also the degradation with time, as such durability studies either by long-term operation or 
accelerated life-time testing are required to simulate a longer testing period. 
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Table 3-6 and Table 3-7 summarize the durability studies for individual cells and stacks, 
respectively, for test duration of ca. >1000 hours. The main contributors to degradation were 
found to be: 
• Microstructural changes (e.g. nickel coarsening, oxygen electrode delamination) 
• Segregation of cations (e.g. SrZrO3 formation at interfaces, changes in perovskite 
structure) 
• Impurities (e.g. from interconnects, sealants, starting material or feed gases) 
• Electro-reduction of the electrolyte material 
Whereas in principle impurities could be excluded by careful design and operation, 
microstructural changes were perceived to be more irreversible and difficult to avoid. 
However, Graves et al. [242] very recently showed that microstructural damage can be 
avoided by cycling the solid oxide cell between electrolyser and fuel cell modes, 
demonstrating that the cell could be operated for 4000 hours without any noticeable 
degradation. Transient behaviour of switching between UOCPD and SOE operating conditions 
has shown not to reverse the process, but at the same time, no increase in the degradation rate 
has been detected either [243]. 
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 Table 3-6:  Durability studies of solid oxide electrolysers for H2O, CO2 and co-electrolysis (individual cell level) 
Reference Cell description Operating conditions Degradation rate 
/ khr-1 
Comments 
Temp. / 
°C 
Gas composition Current 
density  
/ A cm-2 
Schefold et 
al. [244] 
Year: 2012 
Tietz et al. 
[245] 
Year: 2013 
Ni-YSZ|YSZ|GDC|LSCF 
45 cm2 electrode area 
 
780 80/8/11 
(H2O/H2/N2) 
 
-1.0 
 
3.8 %  
 
ca. 9000 hrs 
• Impedance spectroscopy indicated increase in 
ohmic resistance as main degradation with 
some degradation associated to electrodes. 
• Electrolyte degradation was confirmed via 
post-analysis. 
• Included incidence such as gas failure 
Al Daroukh 
et al. [246] 
Year: 2014 
Ni-YSZ|YSZ|GDC|LSCF 
3 different cells 
 
771-775 
 
80/8/11 
(H2O/H2/N2) 
 
-1.0 
 
1.9-2.5 %  
3.4 %  
2.6 %  
Ca. 1500-9000 hrs 
• LSCF perovskite change in oxygen electrode. 
• Formation of SrZrO3 in the CGO barrier layer. 
• Pore formation within electrolyte (9000 hours 
with incidences only). 
• Reduced adhesion of Ni-YSZ|YSZ, especially 
at higher steam conversions 
Graves et al. 
[242] 
Year: 2015 
Ni-YSZ|YSZ|YSZ-LSM 
16 cm2 active area 
 
800 
 
90/10 H2O/H2 in 
electrolysis mode 
and higher H2/H2O 
ratio in fuel cell 
mode 
Test 1: 
 -1.0  
Test 2: cycling 
between -1.0 
and +0.5  
Constant current 
>25% 
degradation. 
No degradation 
for cycling 
Ca. 4000 hrs 
• Microstructural deterioration for constant 
current.  
• Cycling between SOFC and SOE mode 
reverses the degradation, before permanent 
microstructural damage could occur. 
Hjalmarsson 
et al. [247] 
Year: 2014 
Ni-YSZ|YSZ|CGO|CGO-LSC 
16 cm2 active area 
800  
 
10/45/45 
H2/H2O/CO2 
 
-1.0 
 
0.9 %  
Ca. 2700 hrs 
• Impedance analysis suggested oxygen 
electrode to be more degraded than fuel 
electrode. 
Schiller et al. 
[89] 
Ni-YSZ|9.5YSZ|LSM|LSCF 800 43/57 H2O/H2 -0.3 3.2 % • Metal supported system (Fe-26Cr with 
La0.6Sr0.2Ca0.2CrO3 barrier layer). 
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 Year: 2009 12.5 cm2 active area    Ca. 2000 hrs • Ni coarsening 
• Ohmic resistance increased due to formation of 
oxide layer in metal substrate, but effective 
barrier layer. 
• Repeated tests with coated interconnects 
showed lower degradation. 
Hauch et al. 
[248] 
Year: 2008 
Ni-YSZ|YSZ|LSM-YSZ 
16 cm2 active area 
850 
 
50/50 H2O/H2 
 
-0.5 
 
2%  
Ca. 1300 hrs 
• Higher current density and steam investigated 
– higher microstructural changes. 
• Changes in the electrode was the main 
degradation. 
Lay-Grindler 
et al. [249] 
Year: 2014 
Ni-YSZ|YSZ|YDC|LSCF 800 
 
90/10 H2O/H2 
 
-0.8 
 
10%  
Ca. 1000 hrs 
• X-ray tomography study to assess 
microstructural changes and TPB loss. 
Ebbesen et 
al. [250] 
Year: 2010 
Ni-YSZ|YSZ|LSM-YSZ 
16 cm2 active area 
850 
 
Various gas feeds 
for H2O, CO2 and 
co-electrolysis 
 
-0.25 to -0.5 
 
Overall:  
0.7-24.6 % 
No degradation 
for cleaned gases  
Ca. 700-1300 hrs 
• Different sealants 
• Different quality of gases 
• Initial passivation faster than long-term 
“steady state degration”: 0.45-0.70 mV hr-1 
versus 3-32 mV khr-1 
Sun et al. 
[251] 
Year: 2013 
Ni-YSZ|YSZ|YSZ-LSM 
16 cm2 active area 
800 
 
45/10/45 
H2O/H2/CO2 
(cleaned gases) 
 
-1.0 to -1.5 
 
-1.0 A cm-2: 20% 
-1.5 A cm-2: 36-
125%  
Ca.400-900 hrs 
• Constant degradation at -1.0 A cm-2.  
• Increasing and highly accelerated degradation 
with time at -1.5 A cm-2. 
• Degradation was shown to be present at both 
electrodes. 
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 Table 3-7:  Durability studies of solid oxide electrolysers for H2O, CO2 and co-electrolysis (stack level) 
Reference Cell description Operating conditions Degradation rate  
/ khr-1 
Comments 
Temperature 
/ °C 
Gas 
composition 
Current 
density 
 / A cm-2 
Mougin et 
al. [252] 
Year: 
2012 
Ni-YSZ|YSZ|GDC-LSC 
100 cm2 electrode area 
3 cells stacks 
800 
 
90/10 H2O/H2 
 
-0.4  
to -0.8 
 
1.6 to 2.7 % depending 
on current density 
Ca. 4000 hrs 
• Also investigated thermal and electrical load 
cycling.  
• Different cell types and temperatures have 
been investigated. 
Schefold 
et al. [253] 
Year: 
2009 
Ni-CGO|3-YSZ|YDC|LSCF 
100 cm2 electrode area 
5 cells stack 
820 90/10 
(H2O/H2) 
-0.4 4.6-5.6%  
Ca. 4000 hrs 
• Includes cold and hot-restarts and 
maintenance. 
• Discussed the impact of individual stack 
components on e.g. temperature.  
• Dry-operation has been investigated. 
Fu et al. 
[254] 
Year: 
2014 
Ni-YSZ|YSZ|CGO|LSC 
100 cm2 electrode area 
5 cells electrolyser stack 
700 
 
90/10 
(H2O/H2) 
 
-0.6 
 
2% (for last 500 hours)  
Ca. 2000 hrs 
• Highlights connection losses. 
• Transient losses have been investigated. 
Mawdsley 
et al. [255] 
Year: 
2009 
Ni-ScSZ|ScSZ|LSM 
64 cm2 electrode area 
25 cells stack (S1) 
2x60 cells stack (S2) 
 
S1: 830 
S2: 800-865 
 
 
S1: 54/9/37 
(H2O/H2/N2) 
S2: 85/12/3 
(H2O/H2/N2) 
but also CO2  
Only H2 
production 
rates provided 
177 NL h-1 
1250 NL h-1 
S1: 20 % 
Ca. 1000 hrs 
S2: 46% 
Ca. 2000 hrs 
 
• Post mortem analysis of two long-term 
stacks. 
• Degradation most severe at the edges 
(leakage through sealing).  
• Cr contamination (mainly at the edges) 
• Oxygen electrode delamination 
Zhang et 
al. [240] 
Year: 
2013 
Ceramatec:  
Ni-ceria|ScSZ|La-Co-Fe oxide 
45 cm2 electrode area 
10 cells stack 
800 
 
Various steam 
ratios 
 
-0.25  
to -0.20 
 
Ceramatec: 5.7-4.6 % 
MSRI: 3.2 % 
Ca. 1000 hrs 
 
• Improvements to previous stack durability 
[256] testing due to decreased area (reducing 
stressing and improving sealing).  
• Modification of air side electrode to prevent 
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 MSRI: Ni-YSZ|YSZ|LSCF 
100 cm2 electrode area 
5 cells stack 
delamination.  
• Coating of interconnects or change in cell 
design to prevent Cr impurity migration. 
O’Brien 
et al. [240] 
Year: 
2007 
Ni-ScSZ|ScSZ|LSM 
64 cm2 electrode area 
25 cells stack 
830 
 
Steam/H2 
 
35 V stack 
voltage 
 
25% 
Ca. 1000 hrs 
• Stainless steel interconnects (containing Cr). 
 
Nguyen et 
al. [257] 
Year: 
2013 
Ni-YSZ|YSZ|LSCF 
80 cm2 electrode area 
2 cells stack 
760-810 
 
Steam and co-
electrolysis 
 
-0.3  
to -0.8 
Steam: 0.2%  
(at 0.3 A cm-2) 
Co-electrolysis: 2.3-
6.1% (various current 
densities)  
Ca. 4000 hrs 
• Higher degradation for co-electrolysis than 
steam electrolysis.  
• Degradation increases with current density. 
Chen et 
al. [258] 
Year: 
2013 
Ni-YSZ|YSZ|LSM-YSZ 
Ni-YSZ|YSZ|CGO|LSCF-CGO 
82.2 cm2 electrode area 
10 cells stack 
800 Co-
electrolysis 
45/10/45 
H2O/H2/CO2 
 
-0.75 
 
Degradation for CGO-
LSCF cells ca. 8%. 
Variable degradation for 
LSM-YSZ (fabrication 
method dependent) 
Ca. 1000 hrs 
• Durability comparison between different 
electrodes and different production methods. 
• Instabilities versus no degradation for LSM-
YSZ cells of different production 
technologies. 
Ebbesen 
et al. [259]  
Year: 
2011 
Ni-YSZ|YSZ|LSM-YSZ 
92.2 cm2 electrode area 
6-10 cells stack 
800-900 
 
Steam and co-
electrolysis 
50/50/0 
45/10/45 
(H2O/H2/CO2) 
-0.25  
to -0.75  
H2O: ca. 20%  
CO2: ca. 1.3% 
No degradation for 
cleaned gases.  
Ca. 900 hrs 
 
• Resistance increased mainly due to ohmic 
resistance, possibly due to temperature drift 
• Higher resistance due to gas conversion 
compared to single cell tests. 
• Also investigated difference between non-
clean and cleaned inlet gases. Degradation 
assumed to be a result of gas impurities 
blocking TPB sites. 
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Electrolyte degradation was detected by Tietz et al. [245], who showed that after 9000 hours 
operation, nm-scale voids formed on the grain surfaces, causing mechanical strength and 
contact losses (Figure 3-23A). At the YSZ-CGO interface, a densification occurred due to 
cation diffusion of zirconia and yttria from the electrolyte. Electro-reduction of YSZ-based 
tubular cells was also detected at higher operating cell potentials differences (>1.8 V) [260] 
for shorter testing times. Electrolyte degradation has also been detected for scandia-ceria 
stabilized zirconates at high operating potential differences (2.8 V) at time-scales > 72 hours, 
probably due to electro-reduction of the electrolyte causing vacancy defects and thus, loss of 
electrolyser performance [261]. However, at cell potential differences < 2.3 V, Schefold et al. 
[75] found that the electronic conductivity of YSZ (increasing with cell potential difference), 
actually protected the cell from immediate degradation. Thus, gas interruptions, i.e. running a 
‘dry’ cell, at moderate cell current densities, should not be detrimental to cell durability. 
 
Figure 3-23:  Different modes of degradation observed in SOE operation with (A) 8-YSZ grain surface 
with micro-voids and fractured grain boundary after 9000 hours of operation (Reprinted 
from Tietz et al. [245], Copyright 2013, with permission from Elsevier) and (B) silica 
migration to the electrode|electrolyte boundary (Reproduced by permission of The 
Electrochemical Society from Hauch et al. [262], Copyright 2007.). 
Hauch et al. [248] showed that Ni-YSZ degradation, causing increasing resistance, dominated 
their cell performance loss, some of it being associated with nickel coarsening, which would 
result in a decrease in densities of triple phase boundaries (TPBs) [263]. Accelerated 
degradation at higher current densities was most likely due to a dense Ni-YSZ layer forming 
at the electrode|electrolyte interface. Microstructural changes and associated performance loss 
were also derived from X-ray tomography measurements, which also detected a decrease in 
triple phase boundary densities. However, they also highlighted that this could not have been 
(A) (B) 
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the only contributing factor to their observed degradation [249]. Microstructural changes of 
nickel, such as coarsening or delamination could also eventually lead to nickel percolation 
limitations [251]. 
Besides permanent microstructural changes, passivation of Ni-YSZ electrodes could also be 
due to impurities such as silica migrating to the electrode|electrolyte interface, as shown by 
energy dispersive spectroscopy (Figure 3-23B). The silica was believed to originate either 
from impurities within the YSZ starting material or from the glass sealant [262]. Impurities 
could decrease the active TPB density and increase the electrode resistance. This hypothesis 
was supported by modelling of electrochemical impedance spectra [264]. Further impurity 
induced degradation was detected by Mawdsley et al. [255], who showed Cr substitution of 
Co in the (La,Sr)CoO3 bond layer from stainless steel interconnects employed in stack design. 
At high operating current densities, nano-particles of Zr oxide were found on the nickel 
particles close to the electrode|electrolyte interface, assumed to cause deterioration of the Ni-
YSZ electrode due to contact losses between metal-metal or metal-ceramic interfaces, loss of 
nickel percolation and active TPB. The mechanism of this phenomenon was explained as 
reduction of ZrO2 to metallic Zr, dissolution into and diffusion through the nickel phase and 
subsequent precipitation elsewhere, due to overpotential induced oxygen partial pressure 
gradients [265]. 
Ebbesen et al. [250] showed that the quality of the inlet gas has a drastic effect on cell 
degradation. For non-cleaned gases, passivation occurred mainly at the Ni-YSZ electrode with 
impuritiesxvi adsorbing. Cleaning the gases, e.g. removal of sulphur-containing contents, 
eliminated degradation and even lead to slight long-term activation in the case of steam 
electrolysis.   
Oxygen electrode delamination was another commonly reported degradation method within 
SOEs [255], for which the exact mechanism is not yet fully understood. Chen and Jiang [266] 
proposed a model, whereby oxide ions accumulated in the LSM, causing lattice shrinkage and 
subsequent micro-fissures leading to delamination; this was linked to the common hypothesis 
that high local internal partial pressures of oxygen at the anode | electrolyte interface, induced 
by the anode overpotential, facilitated the phenomenon [242]. Electrode life-time was 
xvi For these experiments silica impurities could be excluded as sole passivation impurity, as tests have been 
performed with and without glass sealant. 
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predicted to be inversely proportional to current density and the life-time was made up of 
initial activiation, stable operation and degradationxvii, eventually leading to delamination 
[267]. Introduction of small electronic conductivity contribution into overall conductivity of 
the electrolyte was proposed to mitigate degradation at a small charge yield penalty [268]. 
Impregnated LSM electrodes have also shown to decrease degradation, as stresses induced by 
shrinkage during anodic polarization were less severe; furthermore, moderate shrinkage 
prevents agglomeration [269]. Further oxygen electrode degradation could be associated with 
changes in the perovskite structure by the movement of, e.g. Sr (II) or Co (II) [246, 247, 270], 
or formation of lanthanum zirconates phases at the electrode | electrolyte interface [271].  
3.5. System integration 
3.5.1. Short-term storage 
As discussed in Chapter 1, energy storage is required on two different time-scales: (1) short-
term peak shaving and (2) long-term storage. The peak shaving approach by using solid oxide 
cells cyclically between SOE and SOFC mode has been studied by Wendel et al. [272]. 
Instead of gaseous storage tanks, Xu et al. [273] reported a redox-flow battery system which 
incorporates chemical energy storage within the actual cell. 
Various accounts in the literature have been made about the reversibility of SOFC/SOEs. 
Lower activities have been reported for electrolysis cell operation compared to the fuel cell 
mode in both H2O [176] and CO2 [139] electrolysis, as well as mixed gas atmospheres [177]. 
Contrastingly, Zhan and Zhao [50] have reported similar behaviour in SOE and SOFC modes, 
thus, performance asymmetry was dependent on cell design and operational conditions. 
Possible reasons for asymmetric behaviour are outlined below. 
For the fuel electrode, it was believed that higher steam ratios lead to a higher Ni coarsening 
rate [274]. Perovskite-based fuel electrodes (e.g. titanates), which are less susceptible to metal 
sintering agglomeration, have shown less asymmetry [275]. Furthermore, as the H2 molecules 
are smaller than the H2O molecules, higher diffusional polarization is to be expected for 
water; however at high current densities, this effect would diminish due to an increasing p(H2) 
as a result of the electrolytically produced H2 [81]. A similar argument can be formulated for 
carbon dioxide/ carbon monoxide concentration polarization [141]. Doping the fuel electrode 
xvii The rate degradation was predicted to accelerate with increasing degradation. 
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with a material that exhibits a higher oxygen storage capacity, such as GDC, was believed to 
mitigate Ni oxidation [176] leading to more symmetrical SOE/SOFC performance. Similar 
improvements have been observed by replacing the Ni-YSZ cermet electrode with Cu-CGO, 
as asymmetry in the area specific resistance values were reduced by 21 % (SOE/SOFC) [141]. 
For the oxygen electrode, mixed ionic-electronic conductors showed more skewed behaviour 
than a ‘standard’ LSM-YSZ electrode [176, 275]. This has been explained by Svensson et al. 
[276] to be due to oxygen vacancy depletion under oxygen evolution conditions resulting in a 
limiting anodic current; thus electrochemical performance will decrease due to decreased 
ionic conductivity. For LSM, mainly an electronic conductor, this is of lesser concern than for 
a mixed conductor. Introduction of a barrier layer could decrease the asymmetry [133]. In 
addition, the mechanisms of the solid oxide fuel cell and electrolyser mode might not be 
identical, as mentioned in Section 3.1.4, as for example, the adsorption and desorption of H2 
versus H2O and CO versus CO2 are different. Thus, different steps within the reaction 
pathway become rate determining, which is especially important if there is the possibility of 
parallel reaction pathways. 
Besides asymmetry in electrode performance, overall performance was very dependent on gas 
composition, so cyclic SOE/SOFC operation could be optimised, if gas compositions were to 
be tailored to either SOE or SOFC modes. Figure 3-24 outlines a possible way to circumvent 
these issues by feeding SOE exhaust gases into a SOFC storage tank and vice versa, i.e. the 
H2 rich gases will then be optimal for SOFC operation, whereby the H2 lean gases from the 
SOFC operation will be more suited for SOE operation. Depending on the storage size, the 
capacity for the energy storage can be varied. This scheme is applicable for H2O, CO2 or co-
electrolysis. 
 
Figure 3-24:  Schematic of reversible solid oxide cell operation for e.g. peak shaving energy storage. 
Reprinted from Wendel et al. [272], Copyright 2015, with permission from Elsevier. 
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Similar to the schemes discussed above was the solid oxide redox flow battery proposed by 
Xu et al. [273], whereby a tubular solid oxide electrolyser was coupled with an in-built 
Fe/FeO redox-cycle module (Figure 3-25 and Equation (3-29) and (3-30). Thus, energy is 
stored within the device and potential application could even extend to portable devices, if 
thin intermediate temperature electrolytes were to be used. 
 
Figure 3-25:  Schematic of solid oxide redox flow battery with (A) discharging mode and (B) charging 
mode. Reproduced from Xu et al. [273] with permission of The Royal Society of Chemistry, 
Copyright 2011. 
During discharge (H2 subsequently used in SOFC mode): 2 2+ → +Fe H O FeO H  (3-29) 
During charging (H2 generated in SOE mode): 2 2+ → +FeO H Fe H O  (3-30) 
3.5.2. Long-term storage 
Figure 3-26 shows a schematic of potential pathways involved in a closed CO2, H2O and 
hydrocarbon loop. The solid oxide electrolyser technology was one of the options of the 
energy conversion; however, substantial upgrading of the H2 and or CO produced could be 
achieved by downstream processing, for example to methane or even liquid fuels. Synthetic 
liquid hydrocarbons are useful for transport applications, whereas synthetic methane 
production is beneficial as long-term energy storage in the natural gas grid, as already 
discussed in Section 1.1. 
 
 
(A) (B) 
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Figure 3-26:  Potential pathways for a closed loop between CO2, H2O and hydrocarbons. Reprinted from 
Graves et al. [11], Copyright 2011, with permission from Elsevier. 
Direct methanation via an electrochemical process is unlikely for a solid oxide conducting 
electrolyserxviii, but chemical conversion (via the Sabatier reaction) is possible, utilizing either 
CO2 or CO as the starting material (Equation (3-31) and (3-32)). Catalysts used for the 
reaction include Ni, Ru, Rh and Co and supports such as TiO2, SiO2, MgO and Al2O3 [277, 
278]. However, at SOE operation temperatures of 650-800 °C (e.g. for YSZ systems), the 
methanation reaction was not favourable [180, 279]. The equilibrim compositions for the 
simultaneous methanation and water-gas shift reaction reactions is shown in Figure 3-27, 
indicating that the optimal operation for a high methane yield is below 400 °C.  
xviii This process would incolve the species being reduced one electron at a time, i.e. seven intermediates would 
be formed en route to CH4, which results in very slow kinetics [441].  
 71 
                                                 
 
Chapter 3: Literature review 
 
 
Figure 3-27:  Equilibrium composition of simultaneous methanation (3-31) and water-gas-shift reaction 
(Equation 1-6) at a CO2 : H2 feed ratio of 1:4. Thermodynamic data for determining 
equilibrium constants are given in Appendix A. 
However, at very low temperatures the reaction will be kinetically controlled, which has been 
found to decrease the CO2 conversion in preliminary methanation studies (Appendix F). 
Hence, operation at temperatures between 350-450 °C would be optimal, whereby un-reacted 
feed gases would need to be recycled.  
 2 2 4 24 2CO H CH H O→+ +←  (3-31) 
 2 4 23CO H CH H O→+ +←  (3-32) 
Using thermodynamic modelling, Sun et al. [185] recently assessed the pressurized operation 
for a co-electrolysis system. Their efforts were based on the fact that any downstream 
processing of the produced syngas will involve pressurizing the gases anyway, so having a 
pressurized SOE operation might be beneficial. The nickel cathode, frequently adopted in 
SOCs, could also act as the methanation catalyst for in-situ methane synthesis (at ca. 400 °C) 
The effect of pressure on C-H-O equilibrium gas composition was predicted in Figure 3-28, 
highlighting the possibility to produce methane in-situ. Unfortunately, only few experimental 
high pressure SOE operation results have been published [280]. Micro-tubular SOFC, of same 
reactor design as employed for SOE operation [80], have been tested up to 0.7 MPa [281].  
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Figure 3-28:  Effect of pressure on electrolyser outlet gas composition based on a 10% H2/25% CO2/65% 
H2O inlet gas feed and 70% reactant utilization after electrolysis at 850 °C. Reprinted from 
Sun et al. [185], Copyright 2012, with permission from Elsevier. 
Given that methanation is favoured at high pressure and low temperatures, a SOE system 
based on an intermediate temperature electrolyte such as LSGM would be more suited for in-
situ methanation than YSZ-based electrolytes. Alternatively, the methanation could be linked 
downstream of the actual electrolysis active zone. This has been demonstrated by Xie et al. 
[282] by using a porous ironxix powder/glass bead catalyst with a temperature gradient of 650-
300 °C across the catalyst cradled on top of a LST-CGO cathode reacting CO/CO2 with H2 to 
form CH4, though at a very low yield <3 %. Very recently, Chen et al. [173] showed the 
possibility of harvesting the temperature gradient within a tubular SOE achieving 64.7 % CH4 
yield (CO accounting for the remaining carbon balance) at a total CO2 conversion of 63.4 %  
for 12/71/17 CO2/H2/H2O feed gas composition. 
Stoots et al. [174] combined their 10-cell stack co-electrolysis SOE with a downstream 
methanation reactor, using a commercial nickel on magnesium aluminate steam reforming 
catalyst at 300 °C. Yields were ca. 80% CO2 to CH4 conversion, no CO was detected after the 
methanation reactor, which was in accordance with Figure 3-27. Note: electrolysis yields 
were ca. 1/3 CO and 2/3 H2 produced (feed inlet compared to stack outlet), though this also 
includes equilibration via the (reverse) water gas shift reaction.  Due to the highly exothermic 
nature of the methanation reaction, the reactor design requires heat removal to ensure high 
xix The reducing conditions within the SOE cathode compartment were presumably facilitated by the H2/CO 
generated during electrolysis; hence, would ensure the iron to maintain its reduced state. 
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conversion. 
The first operating pilot plant to demonstrate a system integration approach for hydrogen 
production, based on high temperature solid oxide technology, opened in late 2014 (Sunfire 
GmbH, Dresden, Germany). This power-to-liquid feasibility study is a collaboration project 
sponsored by the German government including leading SOE reseach groups in Germany 
(Jülich, EIfER, Fraunhoferxx) as well as industrial partners [283, 284]. A power-to-gas 
demonstration unit is being planned [285]. The Hi2H2 project [286] sponsored by the 
European Commission established feasibility of the technology to produce hydrogen using 
high temperature electrolysis and research partners included EIFER (Germany) and DTU 
(Denmark). This is about 30 years after the first concepts of pilot plants for hydrogen 
production via SOE technology were proposed [287]. 
 
Figure 3-29:  Hydrogen end-use of current power-to-gas pilot plants (based on Gahleitner [288]). 
For the general concept of hydrogen production via electrolysis, a comprehensive review by 
Gahleitner [288] gives an outline of power-to-gas pilot plant electrolysers, whereby the 
hydrogen, the energy storage vector, can either be used directly in hydrogen fuelling stations 
or stored for future use in stationary fuel cells, internal combustion engines or combined heat 
and power applications. Alternative approaches are feeding the produced hydrogen directly 
into the natural gas networkxxi (e.g. E.ON Demonstration plant in Falkenhagen, Germany 
[289]) or methane production for integration into the natural gas network (e.g. Audi e-gas 
xx For a listing of the major SOE research hubs the reader is referred to the Appendix C. 
xxi Limiting factors for H2 concentration within the natural gas network have been elsewherere [293].  
0
5
10
15
20
25
30
35
40
nu
m
be
r o
f p
la
nt
s 
hydrogen end-use 
Fu
el
 C
el
l 
(e
le
ct
ric
ity
 g
en
er
at
io
n)
 
In
te
rn
al
 C
om
bu
si
on
 E
ng
in
e 
(e
le
ct
ric
ity
 g
en
er
at
io
n)
 
C
om
bi
ne
d 
H
ea
t a
nd
 P
ow
er
 
H
2 a
s 
tra
ns
po
rt 
fu
el
 
H
2 i
nt
o 
ga
s 
gr
id
 
C
H
4 i
nt
o 
ga
s 
gr
id
 
 74 
                                                 
 
Chapter 3: Literature review 
 
pilot plant in Wertle, Germany [290]). The hydrogen end-use of the 48 plants (7 in the 
planning stage in 2012) is summarized in Figure 3-29. Currently, the electrolyser technologies 
employed are two thirds aqueous alkaline electrolytes with the remaining third using polymer 
electrolyte membrane (PEM) technology. The potential to establish power-to-gas plants has 
been discussed in detail by Trost et al. [291]. 
In the UK, Gridgas, funded by the Technology Strategy Board, is currently assessing the 
feasibility of injecting H2 into the natural gas grid [292], whereas NREL (Natural Renewable 
Energy Laboratory, Colorado, USA) assessed the feasibility for the USA [293]. In Germany 
dena (German Energy Agency) funded a strategy consortium including industry and research 
partners, to investigate the large-scale H2/synthetic methane production for storage of 
renewable energy [294]. 
3.5.3. Techno-economic feasibility 
Results of feasibility studies to integrate different types of carbon-neutral electricity/heat 
generation with solid oxide technology have been published, including solar power 
integration [295, 296], geothermal power [297] or nuclear power [298, 299, 300]. If powered 
by these carbon-neutral energy sources, this electrolysis process could be coupled to 
industries such as iron making [10] to recycle the CO2 produced during such carbon intensive 
processes. 
Even though system integration with power plants [301, 302] has been investigated, the 
potential benefit is questionable. Power plants are < 40% efficient (fuel to electricity, 
neglecting potential heat energy usage), so using them to produce ‘synthetic fuels’ or 
hydrogen at ca. 50% electricity-to-syngas efficiency, is not economically viable, as less 
energy will be stored in the final product compared to the original coal. The only scenario, 
where coupling SOE technology to power plants might be an option, is to store cheap surplus 
energy from the coal-base load in the transition period to a carbon-free energy system. 
Coupling SOEs to methane-fuelled power stations to absorb some of the CO2 emitted is 
slightly more viable, but again will result in significant efficiency losses of the power plant, as 
ca. one third of the exhaust gas would need to be recycledxxii.  
xxii Even asssuming 100% conversion of the methane combustion ( 4 2 2 22 2+ → +CH O CO H O ), one 
third of the off-gases will be CO2, with the remaining two thirds been steam, which could be condensed out.  
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The economic feasibility of the electrolyser coupled for example with synthetic gasoline 
production is dependent on various factors including electrolyser performance, intermittent 
operation (large contribution of capital cost), electricity and gasoline pricing (Figure 3-30). 
The actual pricing depends on the individual study assumptions, but ranges between 0.48-1.2 
to 1.1-2.1 $2009 (litre gasoline)-1 for electricity feed costs between 0.02-0.08 $ kWh-1 for 100% 
capacity [172, 11].  Manage et al. [38] investigated the competitiveness for H2 production via 
electrolysis versus steam reforming, with the determining factor being the source of the 
electricity, indicating that using, for example, nuclear energy the electrolysis pathway could 
become viable in the near future. However, their study neglected the capital costs, which has 
been identified by Graves et al. [11] as a major factor for successful implementation. 
Predictions have been reported about how long-term stability affects investment costs [303]. 
In terms of CO2-equivalent emissions, life cycle analysis for comparing H2 produced from 
natural gas reforming and water electrolysis predicted a lower carbon-footprint for the latter 
[304]. 
 
Figure 3-30:  Estimates of synthetic gasoline cost versus electricity price at -0.5 A cm-2 current density. 
Reprinted from Graves et al. [11], Copyright 2011, with permission from Elsevier. 
One uncertainty at the moment remains the source of the pure CO2. It could be derived from 
carbon-air fuel cells [305], industrial processes such as iron making [10] or the technology is 
used to upgrade biogas plants, which contain residual amount of CO2, whereby studies have 
shown methane yields to increase from 55 to 93% [306]. However, biogas might contain 
sulphur compounds such as H2S, which could poison especially Ni-based catalysts. Direct 
CO2 capture from air is the second option with good reviews available about technology 
status and feasibility [307, 308, 309]. Global carbon taxing could be an incentive to treat CO2 
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as a feedstock rather than a waste stream. 
3.6. Diagnostic techniques for solid oxide reactors 
Despite over a decade of research of solid oxide electrolysers, some of the fundamental 
operating principles are not yet fully understood. To gain insight into the cell operating 
process, ex-situ and in-situ analysis of the cell during and after the operation are required. 
Using degradation as an example, the effect of degradation could be studied using 
electrochemical techniques (e.g. loss in performance) and ex-situ analysis techniques such as 
scanning electron microscopy (e.g. delamination) and elemental material analysis (e.g. 
elemental movement / segregation). However, the actual degradation process would require 
in-situ analysis techniques. However, major challenges still remain in applying spectroscopic 
technologies such as Raman, infra-red spectroscopy or X-ray photoelectron spectroscopy 
(XPS) to the analysis of solid oxide electrochemical cells, due to their high operating 
temperatures (> 600 °C), whereas the analysis devices usually are required to be protected 
against temperature > 60 °C [310]. 
Nevertheless, in-operando XPS has recently been used to identify reaction intermediates on 
electrolysis cathodes during CO2 electrolysis [203], surface changes of the electrodes; e.g. 
ceria reductive activation for H2O electrolysis [311]; carbon deposition [151] or local 
potential mapping [312]. Cumming et al. [310] proposed to detect adsorbed and surface 
species using DRIFTS (Diffuse Reflectance Infrared Fourier Transform Spectroscopy) to 
distinguish between electrochemical and chemical reactions, however, to-date only analysis in 
non-current scenarios has been reported.  
In-situ measurements of carbon deposition during CO2 electrolysis was trialled by Duboviks 
et al. [143], but no conclusive changes could be detected using in-operando Raman 
spectroscopy. Carbon deposition was located close to the electrode | electrolyte interface, 
which was confirmed using ex-situ Raman spectroscopy. These results highlighted the 
limitations of Raman spectroscopy; while being an excellent surface analysis technique, it was 
not being able to penetrate through the electrode thickness towards the electrode | electrolyte 
interface. As discussed previously, due to the potential and current density distributions 
within the electronically and ionically conducting phases, the most active part of the electrode 
is close to the electrode | electrolyte interface (Figure 3-6). Thus, when using surface sensitive 
analysis techniques, the design of the electrodes is important to extract meaningful in-situ 
information. 
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Thermal imaging using infra-red thermometry, albeit for SOFCs, has been reported by Brett et 
al. [313] providing evidence of thermal variation across the oxygen electrode during 
polarization. However, for complex geometries such as tubular reactors, in which the 
electrodes of interest might be inaccessible, indirect approaches might be required. 
Temperature probing within micro-tubular SOFCs has been achieved using small 
thermocouples [314].  
The electrode of interest has to be accessible for all in-situ analytical techniques; heating the 
reactor while simultaneously providing a viewing access for the analysis device is a major 
challenge in the case of micro-tubular reactors. Furthermore, if the electrode of interest is the 
lumen electrode, none of these in-situ technologies will be applicable. Thus, for fundamental 
studies, pellet cells remain the most suitable option. However, being able to reveal e.g. active 
reaction sites, is still important to improve micro-tubular reactor design, so it is desirable to 
develop suitable technologies to provide in-situ information for complex structures. 
Results of oxygen tracer experiments using oxygen-18 enriched gas have been reported 
widely to elucidate the kinetics of oxygen transport within solid oxide materials for 
electrolytes [55] and electrodes [315]. Horita et al. [316, 317, 318] have extended these 
oxygen tracer techniques by applying them to a fully operational solid oxide fuel cell, 
investigating the effect of applied current density on tracer diffusion (Figure 3-31).  
 
Figure 3-31:  Schematic representation of ‘diffusional’ versus ‘diffusional’+ ‘migrational’ (fuel cell driven) 
oxygen exchange. Reproduced by permission of The Electrochemical Society from Horita et 
al. [316], Copyright 2012. 
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Their results showed it was possible to visualize the effect of current density on oxygen tracer 
diffusion, providing evidence about the surface kinetics. For the SOFC system investigated, 
surface exchange rates of oxygen on the LaFeO3|CeO2 based oxygen electrode were enhanced 
by applied currents. This technique was also applied to detect changes after ca. 800 hours of 
operation [316]; the formation of a slow oxygen diffusion layer within at the ceria 
interlayer | electrolyte interface was visualized and attributed to SrZrO3 and CeO2-ZrO2 solid 
solution formation.  
Although strictly speaking not an in-situ technique, the isotopic oxygen tracer measurements 
could be classified as ‘pseudo’ in-situ, capable of providing important information about 
reactor processes. In contrast to spectroscopic techniques, for which adsorption changes 
drastically with temperature, if the temperature is quenched quickly in the oxygen tracer 
experiments, isotopic profiles could be preserved for analysis at room temperature after 
operation, as the oxygen tracer diffusion is very slow at lower temperatures [55]. The 
advantage of the tracer diffusion experiment is that, though the data is inaccessible during 
operation, complex geometries can be analysed. Hitherto, no reports have been published on 
the effect of current density on oxygen tracer transport within operating solid oxide 
electrolysers. 
3.7. Summary 
The following conclusions can be drawn from analysing the literature on the current state-of-
the-art solid oxide electrolyser development. 
In terms of process development the issues identified were: 
• Zirconia based materials are (possibly) the most suitable electrolytes for electrolysis 
(and reversible cycling with fuel cell mode), as low temperature electrolytes still 
require further development in terms of suitable electrodes. 
• The SOE cathode still needs improvement; currently Ni-YSZ is still the most suitable 
choice if operated under the right conditions.  
• The SOE anodic overpotential is generally lower than the cathodic overpotential, but 
the anode is generally more affected by permanent durability issues (e.g. 
delamination) than the cathode. 
• Exact reaction mechanisms are still under debate. 
Tubular reactors were identified as a suitable geometry, achieving comparable performance to 
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planar cells; though manufacturing routes have to be improved to reduce costs.  
While promising developments of long-term single-unit and stack testing have been reported 
for planar cell systems, durability studies of tubular electrolysers were limited and long term 
degradation has not yet been quantified. 
Both operating and capital costs needs to be addressed for high temperature tubular SOEs to 
be competitive with alternative technologies. 
Further development of (pseudo)in-situ technologies to study the behaviour of solid oxide 
systems is required, with the aim to advance the fundamental understanding of the reaction 
processes as well as optimizing operating conditions, studying particular processes rather than 
just their effects. 
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4. Objectives 
 
Chapter summary 
This chapter outlines the project’s aims and formulates objectives based on the 
recommendations of the literature review. 
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This project aimed to develop elegant, energy-efficient and environmentally benign reactors 
and process(es) for (in)direct electrochemical reduction of CO2 and H2O to energy-rich fuels, 
as building blocks towards closed-loop combustion processes and for energy storage in 
chemical bonds (H2, CO, CH4 etc.). 
Based on the literature review in Chapter 3, the following project objectives were set: 
(1) Develop a suitable technique to fabricate solid oxide reactors of the form  
Ni-YSZ|YSZ|YSZ-LSM|LSM, which can be run both as an electrolyser and as a fuel 
cell, minimising the fabrication steps required. 
(2) Characterize the physical properties and microstructure of the fabricated solid oxide 
reactors. 
(3) Descriptions of the electrochemical performance (e.g. current density-cell potential 
difference, charge yield) of CO2 as functions of the operating temperature, electrolyte 
thickness, feed gas composition, with optimisation aiming to decrease ohmic and 
activation potential losses, so minimising specific electrical energy consumptions. 
(4) Optimisation of the electrochemical performance by varying the current collection 
technique, minimising ohmic potential losses, and inclusion of co-dopants into the 
cathode to minimise cathode activation polarization and mitigate potential carbon 
deposition. 
(5) Extending objective (3) to compare CO2 with H2O and co-electrolysis and elucidate 
the role of (electro-)chemical reactions in co-electrolysis. 
(6) Development of novel diagnostic techniques using isotopically-labelled feed gases to 
gain insight into reaction kinetics and reactor operation.  
(7) Descriptions of the time dependences of electrochemical performance, chemical and 
microstructural integrity to quantify longer-term durability of single reactor units. 
(8) Quantitative estimates of the operating and capital costs as a function of end-products 
(e.g. H2 and / or CO) to evaluate the techno-economic feasibility of the reactor system 
developed.  
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5. Experimental methods and equipment 
 
Chapter summary 
This chapter outlines the experimental procedures, materials and equipment used in order to 
fulfil the project’s objectives set within Chapter 4.  
 
This chapter is partially based on the author’s publications: 
• Kleiminger et al., RSC Adv., vol. 4, no. 91, pp. 50003-50016, 2014 – Reproduced by 
permission of The Royal Society of Chemistry, Copyright 2014. 
http://dx.doi.org/10.1039/C4RA08967G. 
• Kleiminger et al., ECS Trans, in press, 2015 – Reproduced with permission. 
Copyright 2015, The Electrochemical Society. 
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5.1. Fibre preparation/fabrication 
5.1.1. Thick tubular reactors 
The aim of this investigation was to establish the feasibility of electrolyte-supported tubular 
solid oxide electrolysers. Different thicknesses of YSZ (10.5 mol% yttria stabilized) tubes 
were sourced from a commercial supplier (McDanel Advanced Ceramic Technologies, USA).  
The first generation electrolyte supported structure utilized an 800 μm thick electrolyte. For 
the inner electrode, NiO-8-YSZ ink at 66/34 wt% ratio (73-77 wt% solid loading, NexTech 
Materials Ltd., USA), was diluted with terpineol-based ink vehicle (NexTech Materials Ltd., 
USA), a ratio of 1:0.5 yielded most promising results, to decrease the viscosity such that the 
diluted electrode ink could be filled into the tube and flow out under gravity (‘inverse dip 
coating’). This process was repeated until a sufficient thickness of the electrode was achieved. 
This was then fired at 1350 °C for 1 hour at a heating and cooling ramp rate of 4 °C min-1. 
The outer electrode was applied by negative masking of a 60 mm long anode on the tube with 
tape and applying the LSM-YSZ composite paste (NexTech Materials Ltd., USA) of 50/50 
wt% La0.8Sr0.2MnO3-δ (LSM) and 8-YSZ with 60-70 wt% solid loading by applying some 
paste to the tube and then rolling it off, such that only a thickness comparable to the masking 
tape remained on the tubexxiii. After 1 hour drying on a hot plate at 60 °C, another round of 
tape was applied and a pure LSM current collection layer (62-72 wt% solid loading, NexTech 
Materials Ltd., USA) was applied to increase the effective conductivity. Following another 
hour of drying at 60 °C, the LSM-YSZ|LSM electrode was sintered at 1150 °C for 3 hours at 
heating/cooling rate of 4 °C min-1.  
The second generation electrolyte-supported structure utilized a 1.6 mm thick electrolyte. This 
enabled easier and more reproducible coating of the inner Ni-YSZ electrode, due to a large 
inner diameter (9.5 mm versus 4.8 mm). The electrode area was negatively masked, i.e. the 
non-electrode areas were masked, and then coated with pure NiO-YSZ paste, which improved 
the overall electrode microstructure. The electrode (anode and cathode) lengths were shrunk 
from 60 to 20 mm to eliminate possible effects of a temperature gradient axially along the 
tubular furnace. The cell geometries are summarized in Figure 5-1. 
xxiii This is similar to doctor blading, whereby an electrode area is masked and ink is spread with a blade. Here 
the area was still masked, but instead of spreading the ink by moving the doctor blade, the tubular cell was rolled 
on a flat surface. 
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Figure 5-1:  Schematic of electrolyte supported solid oxide electrolyser with (A) 1st generation and (B) 2nd 
generation cells. 
5.1.2. Hollow fibre reactors 
5.1.2.1 Principle of phase inversion 
The use of phase inversion to fabricate hollow fibre reactors in the field of high temperature 
solid oxide (fuel) cells has been viewed as a promising technology compared to more 
traditional extrusion methods [212, 232]. However, most early work focused on single layer 
extrusion followed by addition of further layer by for example dip coating [319, 320, 321]. A 
collaboration at Imperial College London pioneered the work on co-extruded ceramic 
membranes to fabricate electrode|electrolyte fibres [231], with latest works extending to three 
layers extruded simultaneously (additional electrode functional layer or a current collection 
layer [322, 237]). 
The general principles of phase inversions are that initially all the dispersed ceramic 
components and the polymer must be soluble in the chosen solvent. Upon solvent exchange, 
the solvent is exchanged for a non-solvent (coagulant), causing the polymer to precipitate and 
locking the ceramic material together to form a precursor fibre. In a two-stage thermal 
treatment, the binding polymer is burnt out, followed by high temperature sintering to 
consolidate the structure. The solvent and coagulant have to be miscible in order for solvent 
exchange to occur.  
YSZ electrolyte  
(800 μm) 
ID: 4.8 mm 
   
LSM-YSZ | LSM anode  
(80 μm) 
Ni-YSZ cathode 
(ca. 10 μm) 
60 mm 
20 mm 
    YSZ electrolyte  
(1.6 mm) 9.53 mm 
LSM-YSZ | LSM anode  
(80 μm) 
Ni-YSZ cathode 
 (ca. 20 μm) 
(A) 
(B) 
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The different microstructures are a result of the relative ratios of diffusion rates of solvent and 
coagulant, whereby the diffusion is driven by a complex interaction between polymer, solvent 
and coagulant including viscosity and relative solubilities. A dense skin is formed if the out-
diffusion of solvent is more rapid than the inwards diffusion of non-solvents. Influx of non-
solvent will cause polymer-rich and polymer-poor phases, leading to the formation of a pore. 
Further influx of non-solvent will cause solvent to flow into the pore as well, causing 
polymer-rich phases surrounding the pores. A large driving force will cause pores to grow 
into finger-like voids by rupturing the initially formed solid polymer layer. The fingers are 
then propagated; the freshly formed polymer at the tip of the pore is pushed to the finger 
walls. This will cause the walls not to be in immediate contact with the coagulant, causing 
slower precipitation, resulting in a sponge-type structure. A high affinity between solvent and 
non-solvent will slow down the solidification process, whereas a low affinity between the 
solvents will lead to rapid precipitation. Hence, the resulting microstructure is dependent on 
parameters such as the solvent, coagulant, particle size distribution of the ceramic 
components, polymer loading of the spinning suspension, viscosity of different components 
and extrusion rates [323, 324, 325, 326].  
5.1.2.2 Fabrication of micro-tubular reactors 
Note: All phase inversion hollow fibre fabrication was performed with the assistance of Tao 
Lixxiv , who also provided guidance and advice on characterization of the spun fibres. 
The fibres used in this thesis were dual-layer cathode-supported hollow fibres  
(NiO-YSZ|YSZ) and were produced using the described phase inversion technique above; the 
cathode metal oxide-ceramic (NiO-YSZ) and electrolyte ceramic (YSZ) suspensions were co-
spun through a triple layer orifice into the coagulation bath, to solidify the fibre precursors by 
solvent exchange (Figure 5-2). 
The inner and outer suspensions were prepared from NiO (0.5-1.5 µm particle size (d50), 
NexTech Materials Ltd., USA) and YSZ (8 mol% yttria doped ZrO2, 0.9-1.2 µm particle size 
(d50), NexTech Materials Ltd., USA) powders dispersed in di-methyl sulfoxide (DMSO, 
VWR International LLC, UK) using polyethyleneglycol 30-dipolyhydroxystearate dispersant 
(Arlacel P135, Uniqema, Spain). After roll milling for 3-4 days polyethersulfone (PESf, Radel 
xxiv Tao Li is part of Professor Kang Li’s Membrane Separation Processes Group, Chemical Engineering, 
Imperial College London. 
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A-300, Ameco Performance, USA) was added as a binder and mixed further for 2-3 days to 
achieve homogeneous suspensions. Compositions of the different suspensions for the 
different production batches are summarized in Appendix G.  
After degassing the suspensions by stirring under vacuum, they were pressurized through the 
triple-layer orifice stainless steel spinneret (dimensions in Figure 5-2) with de-ionised water 
as the internal coagulant, extruding hollow fibre precursors into the external coagulant bath 
(tap water) separated by a ca. 0.23 m air gap, which prevented finger formation on the outer 
layer [232]. Upon contact with the internal and external coagulants, solvent exchange 
solidified the fibres, as water and DMSO are miscible, but the NiO, YSZ and polymer are 
insoluble in water. The extrusion rates of internal coagulant, inner layer and outer layer were 
controlled by syringe pumps with values of individual batches summarized in Appendix G. 
 
Figure 5-2:  Phase inversion system to fabricate dual-layer hollow fibre precursors. 
Following straightening and drying of the NiO-YSZ|YSZ fibres, they were co-sintered in a 
box furnace (Elite Thermal Systems Ltd., UK) with the following sintering profile: binder 
burn out at 600 °C for 2 hours with a temperature ramp rate of 2 °C min-1, followed by high 
temperature sintering at 1500 °C for 10 hours at 15 °C min-1 ramp rate and cooling to room 
temperature at 2 °C min-1. This sintering profile yielded the most promising fibres, based on 
the sintering behaviour studied in dilatometer tests, preliminary thermo-gravimetric analysis, 
gas permeability results and morphology assessment using scanning electron microscopy. 
 87 
Chapter 5: Experimental methods and equipment 
 
The outer electrode (length: 15 mm) was applied using brush coating (size 4/0, ProArte, 
England). The first layer was the functional electrode layer LSM-YSZ applied using a 
composite paste (NexTech Materials Ltd., USA) of 50/50 wt% La0.8Sr0.2MnO3-δ (LSM) and 
YSZ with 60-70 wt% solid loading, following drying on a hot plate at 60 °C for ca. 1 hour. A 
pure LSM layer (62-72 wt% solid loading, NexTech Materials Ltd., USA) was applied 
subsequently to enhance electrical conductivity and so minimise ohmic potential losses. After 
a further drying step, the fibres were sintered finally at 1100 °C for 3 hours with a temperature 
ramp of 4 °C min-1. It has been acknowledged that outer electrodes applied using more 
sophisticated methods resulted in greater reproducibility and uniformity, which increased the 
performance of those reactors slightly compared to brush-coated fibres [223]. However, for 
simplicity, the brush-coating method was chosen in the first instance and, as will be shown in 
later chapters, results were fairly reproducible across multiple cell experiment replicates. 
Investigation into scaling-up the outer coating process to achieve more uniform electrodes 
will be recommended for further work.  
 
 
 
Figure 5-3:  Cell geometry of micro-tubular reactors 
5.1.3. Co-catalyst infiltration 
The co-catalysts were repetitively infiltrated into the cathode using nitrate solutions in ethanol 
to decrease the surface tension and thus ease infiltration (22.14 and 72 mN m-1 for ethanol and 
water, respectively [327]). 1 molar solutions of copper (II) nitrate trihydrate, nickel (II) nitrate 
hexahydrate and iron (III) nitrate nonahydrate (all Sigma Aldrich Ltd., UK) were prepared. 
After each infiltration step, the nitrates were allowed to combust at 500 °C for 1 hour to form 
copper, nickel and iron oxides. The impregnation-combustion cycle was repeated until the 
desired loading was achieved. 
15 mm 
   
    ca. 0.8 mm 
YSZ electrolyte  
(15-50 µm) 
LSM|LSM-YSZ  
(anode 40 μm) 
Ni-YSZ cathode 
(ca. 250-210 μm) 
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5.2. Fibre characterization 
5.2.1. Dilatometer 
In preparation for the co-extrusion and sintering, the shrinkage behaviour of the dual layer 
components was investigated. NiO and YSZ were ball-milled at different weight percentages 
in ethanol, followed by drying at 80 ºC. These mixtures were then pressed into cylinders of 
ca. 5 mm diameter and 4 mm height using a hydraulic press with 1.25 t of applied pressure. 
Tests were performed in a dilatometer (NETZSCH, model DIL 402C) in static air, heating the 
samples up to 1500 ºC with a temperature ramp rate of 5 ºC min-1, dwelling the samples for 
10 hours, followed by cooling them down to room temperature. 
5.2.2. Gas permeability 
The gas-tightness of the electrolyte was assessed using a nitrogen gas penetration method 
[328], whereby at a starting pressure of 40 psi the pressure change over time for an epoxy 
sealed length of fibre was measured with a pressure gauge connected to the test cylinder. The 
permeability was calculated according toxxv: 
 ln
 −
=   × − 
i a
perm
m f a
V P PP
RT A t P P
 (5-1) 
5.2.3. Mechanical strength testing 
The mechanical strength was assessed using a three-point bending method [329] utilising a 
tensile tester (Instron Model 4466, later 5543) with a load cell of 5 kN, later 1 kN, applied at a 
rate of 0.1 mm min-1 and a sample holder distance of 30 mm. The bending strength of the 
global structure was calculated according to: 
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 (5-2) 
5.2.4. Porosity (including pore size analysis) 
Microstructural changes induced during reduction and operation of the fibres affected the cell 
performance. Magnitude and nature of porosity of the fibre structures is a critical factor in 
determing gas transport rates and triple phase boundary length density. The overall apparent 
xxv The original method by Tan et al. [328] was for a single layer fibre. As the inner layer of the dual layer is 
porous by design, the membrane area calculations were based only on the electrolyte layer. 
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porosity was calculated (Equation (5-3)) from the absolute and envelope densities, measured 
using AccuPyc 1330 and Geopyc 1360 pycnometers (Micrometrics Instruments): 
 1 ρe
ρ
 
= −  
 
envelope
absolute
 (5-3) 
The pore size distribution was determined using mercury porosimetry (Micrometrics, 
AutoPore IV, 9500). 
5.2.5. Scanning electron microscopy and energy dispersive spectroscopy 
The microstructure of the fibre reactor at different stages during fabrication and testing were 
imaged using scanning electron microscopy (SEM). The exact dimensions of each fibre tested 
were confirmed using table-top scanning electron microscopes (TM-1000 and TM-3030, 
Hitachi) at 15 kV accelerating voltage without pre-treatment. Energy dispersive spectroscopy 
(EDS) was performed at 20 kV using a different SEM instrument (JSM 6400, JEOL, USA) 
equipped with a tungsten filament (source) at a working distance of 15 mm, with the analysis 
performed using the INCA software (Oxford Instruments). For the latter investigation, 
samples were pre-treated by chromium sputtering coating (ca. 10 nm) to avoid charging 
effects.  
5.2.6. X-ray diffraction 
X-ray diffraction patterns (XRD) of Ni(O)-YSZ|YSZ fibres before and after reduction were 
compared with patterns of nickel oxide, nickel and YSZ (starting materials as in Section 
5.1.2.2). The measurements (X’Pert Pro, PANalytical) were performed in the range of 20-
100° (2θ) using a Cu X-ray tube (Kα1=1.5406 Å) at 40 mA and 40 kV with a step size of 
0.033° and scan step size of ca. 20 seconds. In preparation for the analysis, the fibres were 
ground up with a pestle and mortar, before the XRD patterns of the obtained powders was 
measured. 
5.3. Electrochemical testing 
5.3.1. Current collection 
For the macro-tubular reactors, the inner current collection was achieved by a combination of 
nickel foam (1.6 mm thickness, Goodfellow Cambridge Ltd., UK, silver wire (0.25 mm 
diameter) and silver mesh (80 mesh, woven from 0.115 mm diameter wire, Alfa Aesar, UK). 
For the 800 μm thick electrolyte cells, a strip of the nickel foam was coiled and silver wire 
wrapped around before insertion into the tube. For the 1600 μm thick electrolyte cells, the 
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silver mesh was cut to cover only the inner electrode surface and a silver wire was attached to 
the mesh. The nickel foam was also cut to size and the silver mesh covered around it before 
insertion. The nickel provided mechanical contact, pressing the silver mesh against the inner 
electrode surface (Figure 5-4). The outer current collection was achieved by covering the 
LSM-YSZ|LSM electrode with silver wool and wrapping silver wire around it. Resistance of 
connections were decreased by applying silver paste.  
  
Figure 5-4:  Inner electrode current collection technique for (A) 800 µm and (B) 1600 µm thick cell. 
Different types of current collectors have been used for the micro-tubular hollow fibres. The 
variations for the inner current collectors are summarized in Table 5-1. 
The outer current collector was the same for all reactors. Silver wires of 0.2 mm diameter 
(99.99 %, annealed, Advent Research Materials, UK) were wrapped around the outer 
electrode and fixed with silver paste. The length of individual silver wires from fibre to 
electrical connections was ca. 400 mm. 
Table 5-1:  Types of current connectors used for inner lumen.  
Wire material Optional finish Description 
Silver  + silver wool  Silver paste The end of a 0.25 mm diameter wire (99.9 % purity, annealed, 
VWR International LLC, UK) was twisted together and silver 
wool (VWR International LLC, UK) wrapped around and fed 
through the lumen of the fibre. Silver paste (Alfa Aesar, UK), 
was used to enhance contact between wire/wool and the inner 
surface. 
 
 
40 mm 
1600 μm 
(A) (B) 
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5.3.2. Reactor assembly and sealing 
The micro-tubular fibre reactors were inserted into an alumina gas feed tube assembly and 
sealed with ceramic cement (Ceramabond 552-VFG, Aremco, USA), which became gas-tight 
following successive heat treatments at 94 and 260 °C for 2 hours with a heating rate of 4 °C 
min-1. This reactor assembly was sealed into a 300 mm long quartz tube (20 mm OD, Multilab 
Ceramics, UK) with stainless steel end-caps made in-housexxvi, and sealed to the quartz tubes 
by Viton O-rings (Polymax, UK), as shown in Figure 5-5. 
xxvi Drawings of the end-cap design are provided in Appendix H. 
40 mm 
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Figure 5-5:  Tubular test cell assembly. 
The macro-tubes were also fixed to alumina feeding tubes with the ceramic sealant (Figure 
5-6), but not inserted into a quartz housing, as reactor breakage was less likely to occur. 
However, this meant the outer electrode sweep gas was less controllable. 
 
 
Figure 5-6:  Macro-tubular reactor assembly with (A) 800 μm and (B) 1600 μm thick electrolyte. 
The experimental equipment arrangements for macro-tubular and micro-tubular tests are 
shown in Figure 5-7. Reactor performance testing was performed directly after curing of the 
ceramic sealant in-situ. The reactor was heated in a temperature-controllable furnace (Elite 
Thermal Systems Ltd., UK) isolated with quartz wool at the end to minimize heat losses. 
 
 
(B) 
(A) 
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Figure 5-7:  Schematic of experimental set-up for (A) macro-tubular reactor testing, (B) micro-tubular 
reactor testing for CO2/CO only and (C) extended set-up to allow steam feeding. 
(C) 
(A) 
(B) 
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5.3.3. Reduction 
After curing of the sealant, the temperature was increased to 650 °C at a rate of 4°C min-1, 
while helium (ca. 24 ml min-1) and 10% O2 in argon (ca. 30 ml min-1) were fed to the inner 
(Ni(O)-YSZ) and outer electrode (LSM-YSZ|YSZ), respectively. The nickel oxide was 
reduced to nickel at 650 °C by exposing the inner electrode to a reducing gas mixture of H2-
He (6/20 ml min-1) for 2 hours. This reduction profile was also applied to NiO-YSZ|YSZ 
precursor fibres prior to fibre characterization when comparing un-reduced and reduced 
fibres. The fibres were sealed in a plain quartz tube and after 2 hours of reduction at 650 °C 
cooled down in the reducing atmosphere to prevent any re-oxidation at 4 °C min-1. All gas 
flow rates (BOC gases, UK, unless otherwise specified) were controlled by automated mass 
flow controllers (Bronkhorst, UK or Aalborg, USA). 
Note: the macro-tubular reactors had been reduced in pure H2 at ca. 630-650 °C. Reducing the 
electrode-supported hollow fibre reactors in pure H2; it was found that they were very 
susceptible to cracking as the initial reduction proceeded too fast.  
The progress of the reduction was monitored by electrical impedance spectroscopy and 
monitoring the cathode off-gases using on-line mass spectrometry. Figure 5-8 A shows the 
electrochemical impedance spectra at 5, 60 and 120 minutes from the start of reduction for an 
exemplar SOE. With increasing duration of reduction, the nickel oxide was reduced to nickel. 
This was highlighted using analysis of difference in spectra (Figure 5-8 B), the changes were 
concentrated at the low frequencies, i.e. mass transport diffusion within the electrode was 
enhanced as porosity was increased by the volumetric change; nickel has a lower molar 
volume (6.59 cm3 mol-1) than nickel oxide (11.20 cm3 mol-1).  
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Figure 5-8:  Monitoring the progress of reduction using electrochemical impedance spectroscopy with (A) 
effect of reduction time on individual spectra and (B) ∆Ż’ with respect to 5 min of reduction.   
 
Figure 5-9:  Monitoring the progress of reduction using mass spectrometry: effect of reduction time on 
normalized H2 signal. 
Figure 5-9 shows the change in H2 signal with progress of the reduction. The major part of the 
reduction occurred within the first 20 minutesxxvii; i.e. of the bulk of the electrode. However, 
xxvii For a 60 mm long hollow fibre, 60 wt% NiO, 15% porosity before reduction, 220 μm electrode thickness and 
inner fibre diameter 880 μm the total reduction time at a H2 flow rate of 6 ml min-1 would be approximately 8.3 
minutes. Obviously, this will be distributed over a longer actual reduction time with partial reduction due to 
kinetics, mass transport and equilibrium conditions to obey. 
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the microstructure close to the active electrode | electrolyte interface was only reduced in the 
last ¾ of the reduction period; hence, both mass spectrometry and electrochemical impedance 
measurements are required to assess the full extent of reduction. 
5.3.4. Operating conditions  
The cell performance tests were conducted in a range of ca. 630-872 °C with the exact 
temperatures indicated within the respective Results sections. Temperatures were monitored 
using an N-type, later K-type, thermocouple.  
The general flow rates for CO2 reduction of the micro-tubular reactors were 90/10 or 70/30 
CO2/CO feed gas composition with a total flow rate of 40 ml min-1 at the inner electrode and a 
46 ml min-1 flow of 10% O2 in argon sweep gas at the outer electrode, unless specified 
otherwise or for the CO2/H2O/co-electrolysis scenarios outlined below.  
Table 5-2:  Feed gas composition scenarios to the cathode (Ni-YSZ inner electrode). 
 Cathode (Ni-YSZ) xxviii Anode  
(LSM-YSZ|LSM) 
 CO(g)  CO2(g)  H2(g)  H2O(l) (ml hr-1 liquid feed 
before evaporation) 
He(g) Total  10% O2 in Argon  
 / ml min-1 gas volume / ml min-1 
Heat-up      50 50 62 
Reduction   16  50 66 62 
Scenario 1: 
‘CO2 electrolysis’ 
8 32 --- --- 50 90 90 
Scenario 2: 
‘H2O electrolysis’ 
--- --- 8 32 
(1.392) 
50 90 90 
Scenario 3: 
‘co-electrolysis’ 
4 16 4 16 
(0.696) 
50 90 90 
 
To generate steam, a controlled evaporation unit was used (set-point 80 °C, CEM-unit, 
Bronhorst, UK), in which water was mixed and heated with the feed gases to produce vapour 
xxviii CO or H2 were co-fed to the electrolyser to prevent re-oxidation of the nickel at UOCPD. 
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at a controlled rate. However, the design of the system required a carrier gas flowing at ≥ 50 
ml min-1, so the active gas fraction (H2O, H2, CO2, CO) was only 44% during electrolysis 
operation. All gases or liquid (water) flow rates were controlled by automated mass-flow 
controllers (Bronkhorst, UK); the individual feed gas scenarios are outlined in Table 5-2. To 
prevent condensation of the formed steam, the feed-gas lines were heated from the outside 
with heating tape (120 °C) and insulated with quartz wool. 
For the oxygen-18 isotopically labelled co-electrolysis, 95.5% enriched C18O2 was used 
(99.9% chemical purity, Isotec, Sigma Aldrich, UK) and individual cathode feed gas 
compositions are outlined in the respective results section; the total flow of 90 ml min-1 with 
50 ml min-1 carrier gas was kept constant and the anodic feed gas composition corresponded 
to the ‘standard’ (C16O2) electrolysis scenarios. 
For the long-term tests of micro-tubular reactors, the reactant gas was a pre-mixed carbon 
dioxide and hydrogen mixture (80/20 vol%) at a flow rate of 30 ml min-1 to minimize the 
inherent risks associated with unattended running. The sweep gas (10% O2 in argon) flow was 
set at 40 ml min-1. However, the decision to use pre-mixed oxidants meant, that the reduction 
was also carried out with a high partial pressure of CO2, rather than previously with inert 
helium. Therefore, initial reduction was slower > 4 hours and ‘complete’ reduction was only 
achieved after operating the electrolyser in electrochemical reduction mode.xxix 
Macro-tubular reactors were fed with ca. 40 ml min-1 total gas flow rate for CO2/CO 
electrolysis at various CO2/CO ratios. For pseudo-co-electrolysis CO2 and H2 were co-fed in a 
helium carrier gas (30 ml min-1 - for calibration purposes) at 3:1 and 6:1 CO2:H2 ratio with 20 
ml-1 active gas flow; the feed flows were equilibrated within the reactor via the water-gas-
shift reaction to yield a CO2/H2/H2O/CO composition.  
5.3.5. Electrochemical electrolyser/fuel cell performance tests 
The silver wires were connected to a potentiostat/galvanostat equipped with a frequency 
response analyser (FRA) 4.9 module for electrochemical impedance measurements 
(PGSTAT302N, Metrohm Autolab B.V., Netherlands). Electrochemical test procedures for 
xxix Futher differences to the single-cell system was the use of a 0.13 m (Ø 40 mm) instead of 0.18 m (Ø 50 mm) 
long tubular furnace (due to availability), which might affect the pre-heating of the gases. Higher axial losses due 
to incomplete reduction in the non-reactive zone of the Ni-YSZ electrode should not occur, because a silver-
bridge to improve the nickel wire only current collection design, as proposed in Section 7.2.2, had been used. 
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operation were created in the Nova 1.10.2 software (Metrohm Autolab B.V., Netherlands).  
The electrochemical experiments included measuring the potential difference response of the 
cell to linearly cyclically scanned applied current and steady state measurements over varying 
time scales at constant cell potential difference or constant current density. The intrinsic 
electrical properties of materials and interfaces were characterized using electrochemical 
impedance spectroscopic (EIS) measurements at open circuit potential difference (UOCPD) and 
operating potential differences in the frequency range of 105 – 0.1 Hz (with an RMS 
amplitude of 0.01 V or 0.001 A for potentiostatic or galvanostatic operation, respectively).  
5.3.5.1 Impedance spectroscopy 
Electrochemical impedance spectra were used to characterize the electrochemical phenomena 
occurring at the electrode | electrolyte interface with high sensitivity. The measurement 
technique involved applying a sinusoidally oscillating potential difference to the cell and 
measuring the alternating current response. Only small perturbations were applied to achieve 
a nearly linear response xxx. 
 ( ) ' ''= − ×real imaginaryZ f Z i Z  (5-4) 
Spectra could be analysed using equivalent circuit fitting using elements such as resistance, 
capacitance, inductance etc. or more rigorous computational modelling [330, 331]. 
The obtained spectra were approximately corrected for the inductance caused by the lead 
wires according to the method outlined by Liu et al. [332]: 
1) “Calculate initial inductance (Li) using 
''
2π
=
ZL
f
, averaging inductance values for the 
data vertical to the real axis in the lower half-plane of the impedance diagram 
2) Calculate the initial inductive impedance ( ''iZ ) in the whole frequency range according 
to: '' 2π=i iZ fL . 
3) Subtract the initial inductive impedance from the measured impedance spectrum at 
each frequency to obtain the initial corrected spectrum.” 
xxx The Kronig-Kramers (KK) test was used to test the quality (stability and linearity) of the impedance data, 
with Chi2 values lower than 10-6 indicating a good fit; i.e. the measurement quality was high enough to ensure a 
potentially meaningful spectra [438, 439].  
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If the inductance is too high, spectra will be significantly distorted and high frequency 
information lost. Generally, if the inductance is less than 0.1 μH, the spectra will only be 
distorted above 10 kHz and the spectra will be meaningful [333].  
The individual processes (e.g. mass transport, charge transfer, ion transport through the 
electrolyte) outlined in Figure 2-3 can be represented by invidual circuits (Equation 5-5) 
operating in series (or even parallel); however, separation into the invidual components (zm) is 
usually very difficult (especially in absence of a reference electrode).  
 ( ) ( ) ( ) ( ) ( )= = + +∑ ∑ ∑n m n k n j n l n
m k j
Z f z f z f z f z f  (5-5) 
However, changes in the operating conditions such as gas composition or temperature, might 
only affect certain processes, while others stay unaffected; i.e. only some of the impedance 
elements will be affected. Thus, comparing spectra at different operating conditions, using 
analysis of difference in spectra (ADIS) can be used to study (a subset of) individual elements 
(e.g Σzj or just zl). For the real impedance following a small perturbation in an operating 
parameter ADIS can calculated according to Equation (5-6). To reduce measurement noise, 
the results are presented as the moving average of three points. The real part of the impedance 
spectrum has been found to yield better resolved peaks than the imaginary part; thus '∆ Z is 
used predominantly in the analysis. For a more detailed mathematical derivation of Equation 
5-6 and the difference in resolution of '∆ Z and ''∆Z the reader is referred to the work by 
Jensen et al. [334]. 
 ( )
( ) ( ) ( ) ( )' ' ' '1 1 1 1
1
1
'
ln
+ − + −
+
−
   − − −   ∆ ≅
 
 
 
 condition A n condition A n condition B n condition B n
n
n
n
Z f Z f Z f Z f
Z f
f
f
 (5-6) 
The observed '∆ Z spectra can be time invariant, i.e. size of the spectra varies, but not the 
characteristic frequency; the obtained spectra will be either positive or negative. Alternatively, 
it can be time variant, the characteristic frequency is shifted with the size of the spectra being 
constant or changing. The time variant spectra can be capacitive or resistive and the obtained 
spectra will be both negative and positive. 
5.3.6. Mass spectrometry 
On-line off-gas analysis of the cathode (Ni-YSZ) gases was performed using mass 
spectrometry (Genesys 200D, ESS Ltd, UK) monitoring the reactant consumption / product 
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formation, as well as detecting radial leakage across fibre imperfections. When steam was 
used as a feed-gas, the residual water exiting the reactor was condensed in a quartz U-bend 
immersed in ice-water to avoid flooding of the mass spectrometer. A second optional mass 
spectrometer was used to detect the anodic (LSM-YSZ|YSZ) off-gases during isotopic 
labelling experiments.  
Calibration was either performed by changing the CO2/CO ratios at constant total flow rate or 
by having a normalizing sweep gas flow and quantitative comparison of electrolysis induced 
changes. Exemplar calibrations are outlined in Appendix I. 
5.4. Chemical kinetics of the (reverse) water gas shift reaction for various starting gas 
combinations  
To elucidate the effect of the chemical water-gas shift reaction, three control experiments 
(without a nickel catalyst) have been conducted to analyse the results obtained in the 
isotopically labelled electrolyses: 
• Water gas shift reaction starting from CO/H2O  
• Reverse water gas shift reaction starting from CO2/H2  
• Mixing (highlighting possible surface interactions) of C18O2/H216O 
For the (reverse) water gas shift investigation at 822 °C, ‘standard’ gases (BOC gases, UK) at 
two different gas ratios of 34:6 and 30:10 ml min-1 for CO2/H2 or H2O/COxxxi, were flown 
through either an alumina (CoorsTek, USA), quartz (Robson Scientific, UK) or 10.5-YSZ 
(McDanel Advanced Ceramic Technologies, USA) tube. Dimensions, reactor volume and 
residence times are outlined in Table 5-3. 
Table 5-3:  Dimensions and resistence times for different reactor tubes 
 Inner diameter / mm Length / m Volume / m3 Residence timexxxii / s 
Alumina 3.83 0.30 3.53 × 10-6 2.35 
Quartz 3.87 0.30 3.46 × 10-6 2.30 
10.5-YSZ 4.30 0.30 4.36 × 10-6 2.90 
 
xxxi Total gas volume 90 ml min-1 due to 50 ml min-1 of inert He being required for the steam generator. 
xxxii Across the entire reactor volume within a 0.18 m long tubular furnace; i.e. 822 °C hot zone < 0.18 m. 
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The 3rd control experiment first fed C18O2 (ca. 20 ml min-1, 85% enriched, Spectra Gases, 
USA), followed by simultaneous C18O2 and H216O (both ca. 20 ml min-1) through the tubes 
with 50 ml min-1 inert helium, expecting no (net) reaction due to the species being on opposite 
of the reverse water gas shift reaction. The validity of this assumption and possible indirect 
interactions mediated by the surface will be discussed in Section 8.4.2. 
5.5. Secondary ion mass spectrometry (SIMS) and exchange experiments 
Focused ion beam secondary ion mass spectrometry (FIB-SIMS) is a well-documented 
technique for material analysis [335, 336, 337], e.g. in tracer diffusion experiments. A 
schematic of the working principles of a FIB-SIMS is outlined in Figure 5-10. The ion beam, 
in this case a Ga+ beam, is focused onto the material specimen, removing successive layers of 
material, so it is a destructive analysis technique. The secondary ions ejected from the sample 
are then detected within the mass spectrometer. Different types of information can be 
extracted, depending on the type of mass spectrometer: time-of-flight (low atomic resolution – 
scanning over wide mass range) or fixed unit mass spectrometer (better atomic resolution, 
with maximum of four different isotopes at a time for a quadruple detector). 
Specimen
Focused primary ion beam Ga+
Sputtered secondary ions 
(attracted towards electrode)
Mass/
charge 
ratio filter
Electrode Detector
(single channel multiplier)
Image signal 
(secondary ions image)
16O-
18O-
 
Figure 5-10:   Schematic of focused ion beam microscopy with secondary ion mass spectrometer for 
ion detection. Adapted (with additional information from [338]) from Chater and McPhail 
[339], Copyright 2008, with permission from Elsevier. 
Drawbacks of the SIMS technology are that different elements have a different probability of 
ionization, which leads so-called matrix effects. However, for isotopic ratio analysis, i.e. the 
basis of oxygen tracer diffusion experiments utilizing the oxygen-16 / oxygen-18 ratio in the 
specimen [55], the matrix effect is the same, so no internal matrix calibration is required 
[340]. Depth profiles are limited in depth by the sputtering rate and also the roughing of the 
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SIMS crater (due to the specimen removal due to the ion bombardment), leading to loss in 
resolution; however, modified experimental procedures can overcome this, as shown by 
Chater et al. [340]. This line-scan or isotopic mapping technique (extension of the line-scan) 
also reduced the effect of ion beam-induced mixing of atoms within the sub-surface layers 
and the mutual exclusiveness of high sensitivity versus depth resolution on the signals, as the 
depth element of the analysis was distributed along the line/map; these issues were previously 
identified as analysis limitations by Joos [341].   
5.5.1. Electrolysis with isotopically-labelled gases 
Two different types of solid oxide electrolysers (SOEs), planar and tubular, were studied 
using oxygen-18 labelled carbon dioxide, under experimental conditions outlined below. 
5.5.1.1 Planar electrolyte-supported solid oxide electrolysers 
Planar solid oxide electrolysis cells were prepared on commercial 8 mol% yttria-stabilized 
zirconia pellets (250 μm thick, NexTech, USA) with a Ni-YSZ composite cathode prepared 
from NiO-YSZ (66:34 wt%, NexTech, USA) paste (sintered at 1350 °C for 1 hour with a 
temperature heating/cooling rate of 4 °C min-1). A lanthanum strontium manganite 
La0.8Sr0.2MnO3-δ (LSM)-YSZ|LSM composite anode (LSM-YSZ ratio 50:50 wt%, NexTech, 
USA) was then applied in two successive coating steps, with 1 hour drying at 60 °C between 
each layer, followed by sintering at 1100 °C for 3 hours with a temperature heating/cooling 
rate of 4 °C min-1.  
Current collectors 
(Ag mesh, wires & paste)
YSZ electrolyte
LSM-YSZ|LSM 
electrode
Ni-YSZ electrode
Alumina tubes
C
18
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2/H
2/H
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in
Stagnant air
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18O
2 /H
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18O
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2 18O
/H
e out
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Ceramic sealant
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2 /H
2 /C
18O
/H
2 18O
/H
e out
 
Figure 5-11:  Pellet cell test cell assembly analogous to Figure 5-5. 
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The cell was assembled (Figure 5-11) similar to the procedure outlined in the Section 5.3.2 for 
tubular cells. Silver mesh (80 mesh, woven from 0.115 mm diameter wire, Alfa Aesar, UK), 
silver paste (Alfa Aesar, UK) and a spot-welded silver wire (0.25 mm diameter, 99.9 % 
purity, annealed, VWR International LLC, UK) were fixed against the electrodes on both 
sides. The inner and outer alumina tube were sealed using a stainless steel flange and Viton 
O-rings similar to the design in Appendix H. 
The cells were reduced at 650 °C for 2 hours in H2/He (5/20 ml min-1). Electrolysis 
experiments were conducted in C18O2 (85 % enriched, Spectra Gases, USA)/H2/He (15/5/20 
ml min-1) at 0 and -0.05 A cm-2 at 700 °C for 180 seconds, after which the cells were 
temperature quenched in a helium atmosphere. The anode was kept in stagnant air. The full 
conditions used for C18O2 exchange are summarized in Table 5-4. 
Table 5-4:  Summary of experimental conditions for planar oxygen-18 labelled electrolysis. 
 Gas atmospheres Scenario 1: Blank Scenario 2: Applied current 
Pre-electrolysis 
anneal  
cathode: C18O2/H2/He 
anode: stagnant air 
6 min 6 min 
Electrolysis 
anneal 
cathode: C18O2/H2/He 
anode: stagnant air 
180 s at UOCPD 180 s at -0.05 A cm-2 
After-electrolysis 
anneal 
cathode: C18O2/H2/He 
anode: stagnant air 
2 min 2 min 
Temperature 
quenching profile 
cathode: He 
anode: stagnant air 
700 > T > 650 °C: 10 °C min-1 
T < 650 °C: 20 °C min-1 
700 > T > 650 °C: 10 °C min-1 
T < 650 °C: 20 °C min-1 
 
5.5.1.2 Tubular electrode-supported solid oxide electrolysers 
Ni-YSZ|YSZ|YSZ-LSM|LSM micro-tubular reactors were used for the tubular oxygen-18 
labelled electrolysis. These reactors were Batch 4 cells with 1st generation current collectors 
(silver wire and silver wool). The manufacture and experimental testing procedures were 
outlined in Section 5.1.2.2 and 5.3.  
To enable possible temperature gradient effects to be studied, the YSZ-LSM|LSM anode was 
elongated from the single cell’s 15 mm to 30 mm. Two cells were operated simultaneously by 
being cemented into the same alumina sample holder (Figure 5-12), while ensuring no 
physical connection between them, so each cells could be operated independently. 
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Figure 5-12:  Alumina cell holder with two micro-tubular solid oxide electrolysers. 
After reduction, U-j data and electrical impedance spectra at UOCPD were determined 
independently for each reactor at the operating temperature of 700 °C in standard C16O2/C16O 
atmospheres, as outlined in Section 5.3.4. Subsequently, electrolyses with isotopically-
labelled (85 %) C18O2 (Spectra gases, USA) were conducted with the parameters outlined in 
Table 5-5. 
Table 5-5:  Summary of experimental conditions for tubular oxygen-18 labelled electrolysis. 
 Scenario 1 Scenario 2 Scenario 3 
Gas composition for 
annealing steps 
cathode: 90/10 C18O2/CO 
anode: 10/90 O2/Ar 
cathode: 90/10 C18O2/CO 
anode: 10/90 O2/Ar 
cathode: 90/10 C18O2/CO 
anode: 10/90 O2/Ar 
Pre-electrolysis 
anneal  
Cell 1 & 2: 5 min Cell 1 & 2: 5 min Cell 1 & 2: 5 min 
Electrolysis anneal Cell 1: 30 s at -0.27 A cm-2 
Cell 2: UOCPD 
Cell 1: 90 s at -0.20 A cm-2 
Cell 2: UOCPD 
Cell 1: 60 s at -0.27 A cm-2 
Cell 2: UOCPD 
After-electrolysis 
anneal 
Cell 1 & 2: 1.5 min Cell 1 & 2: 1.5 min Cell 1 & 2: 1.5 min 
Gas composition for 
temperature 
quenching step 
cathode: He 
anode: Ar 
cathode: 90/10 C18O2/CO 
anode: 10/90 O2/Ar 
cathode: He 
anode: Ar 
Temperature 
quenching profile 
700 > T > 650 °C:  
10 °C min-1 
T < 650: 20 °C min-1 
700 > T > 650 °C:  
10 °C min-1 
T < 650: 20 °C min-1 
700 > T > 650 °C:  
10 °C min-1 
T < 650: 20 °C min-1 
Comments  To avoid gas starvation 
during quenching. 
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5.5.2. Oxygen exchange equipment 
For the C18O2 self-diffusion exchange studies, cylinders of YSZ (8 mol% yttria doped ZrO2, 
0.9-1.2 µm particle size (d50), NexTech Materials Ltd., USA) were prepared in a stainless 
steel die at an applied pressure of 0.625 GPa. After sintering at 600 °C (2 °C min-1 – 2 hours), 
1500 °C (15 °C min-1 – 10 hours) and cooling to room temperature (2 °C min-1), the same 
thermal treatment as the hollow fibres for consistency, the samples were of 4.4 mm diameter 
and 4 mm height. These were pre-polished (SiC wet and dry paper) using 600-2400 grit size. 
Afterwards, they were polished mechanically further to a mirror-like finish in four 
consecutive 20 minute steps using diamond suspensions (6 to ¼ μm, Kemet International Ltd, 
UK).  
For the oxygen-18 exchange experiments, the samples were pre-annealed in standard C16O2 
(BOC Gases, UK), for a duration of at least four times as long as the isotopic exchange time, 
in order to chemically equilibrate the samples. The samples were annealed in 95.5 %-enriched 
C18O2 (99.9 % chemical purity, Isotec, Sigma Aldrich, UK) at a pressure of ca. 50 kPa for 60, 
40 and 30 min at 700, 800 and 900 °C, respectively. Reference standard samples were 
prepared at 700 and 900 °C, pre-annealed only in C16O2. As the exchange gases were non-
recoverable in the equipment designed, two samples were annealed in the same quartz tube 
with opposite ends resting in small quartz boats to decrease the amount of C18O2 usedxxxiii. 
The samples were far enough apart such that the furnace (Carbolite Ltd., UK) temperature 
could be adjusted at a rest-position in between both samples, before being rolled onto the 
samples for the annealing time without interfering with the measurements. Figure 5-13 
presents the schematic of the C18O2 exchange apparatus. 
xxxiii Gas depletion effects were assumed negligible. This was confirmed adequate for annealing samples of 700 
and 800 °C together according to the method outlined by De Souza and Chater [409] with ζmin/ζexp, worst case being 
6.2/61.1 and 7.1/30.9 for 700 and 800 °C, respectively. However, depending on how the exchange surface area 
was defined, some gas depletion might have occurred during the 1800 s exchange at 900 °C (ζmin/ζexp, worst case = 
10.7/7.3). Future experiments would require a reduced exchange time and possible even a different sample 
geometry to avoid any gas starvation.  
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Figure 5-13:  Schematic of C16O2 / C18O2 exchange apparatus for two successive gas exchanges.  
5.5.3. FIB-SIMS equipment and experimental protocol 
Oxygen isotopes within all specimens were measured using a secondary ion mass 
spectrometer (FEI FIB200 ion microscope, USA) with an electric quadruple based secondary 
ion mass spectrometer detector. A 30kV Ga+ beam was used for sputtering and negative 
secondary ions (16O- and 18O-) were analysed. 
Un-polished cross sections of planar and tubular electrolysers were mounted on alumina stubs 
and silver bridges (ESL Europe (Agmet), UK) applied to provide electronic conductivity 
(Figure 5-14). No coating was necessary, as the electrodes provided enough conductivity to 
prevent sample charging. The surfaces were cleaned by high current (20 nA) sputtering of the 
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to-be-viewed surfaces. Signals of 16O- and 18O- ions and an instrumental baseline 
(measurement noise) were measured, with exact masses determined from preliminary mass 
spectra of the samples. Analyses were conducted over areas ranging between 163×190 to 
372×434 μm2 collecting three successive (18O-, baseline and 16O-) isotopic maps with a 
resolution of 220×256. The analysis current varied around 7 nA, but was ensured constant for 
the successive mapping. The maps obtained can be condensed by averaging onto a single line 
for isotopic exchange depth profiling (IEDP) taking into account curved geometry if 
necessary. 
 
Figure 5-14:  Schematic for isotopic depth profiling using isotopic mapping (drawn for tubular specimen).  
To avoid charging of the pure YSZ samples, they were chromium-coated (20 nm) and a silver 
connection from the bottom of the stub painted to the top of the to-be-viewed surface, to 
enhance the electrical conductivity prior to any SIMS analysis. Two SIMS analysis modes 
were employed. The samples were first viewed in a true depth profiling mode at ca. 3.6 nA 
with a constant sputter rate over an area of 15 × 15 µm2, applied for 15 min. This gave an 
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indication of the surface isotopic concentrations (16O-, 18O- and a baseline signal were 
measured).  
However, reliable depth profiles using SIMS can be measured only down to a few tens of 
micrometres; thus, for higher diffusivity materials, a variation on the approach outlined by 
Chater et al. [340] was adopted after initial sample characterization. For this second analysis, 
the samples were sideways mounted with conductive silver paste (ESL Europe (Agmet), UK) 
and epoxy resin (Araldite 506, Sigma Aldrich, UK) and half of the cylinder material removed 
by polishing (400-1200 grit size, SiC wet and dry paper) xxxiv. This polishing created locally 
high temperatures at the polished surface and possibly re-arrangement in the ion lattice 
arrangement. Thus, even after sputter cleaning the surfaces at 20 nA, no meaningful data 
could be extracted from isotope maps, unlike to the cross-sectional mapping of planar and 
tubular electrolysis samples. To circumvent this problem, depth profiles (between 10 × 10 
µm2 to 20 × 20 µm2) spaced along a line perpendicular to the surfaces were taken and the 
average signal after initial stabilization assigned to the ‘depth’ measured from the sample 
surface to the mid-point of the depth profile outline. This sampling technique is summarized 
schematically in Figure 5-15. 
 
Figure 5-15:  Schematic of experimental protocol to establish isotopic exchange depth profile 
xxxiv Note: Preliminary trials to cut these sized YSZ samples using a diamond blade, as in [340], were found to 
provide unsatisfactory cuts and polishing of the material was found to work better. 
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5.5.4. Data analysis 
The oxygen concentrations were calculated according to Equation (5-7). 
 ( )
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These concentrations were normalized with respect to the natural isotopic background (cbg) 
and the isotopic enrichment of the exchange gas (cg). 
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The rate of oxygen exchange across the gas | solid interface can be described by: 
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The concentration profile change with time as a result of diffusion is described by Fick’s 2nd 
law (for 1-dimensional case and D has assumed to be constant): 
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For one-dimensional diffusion within a semi-infinite medium, the solution to diffusion 
equation (Equation (5-10)) with Equation (5-9) as boundary condition was derived by Crank 
[342].  
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 (5-11) 
Thus, using non-linear least squares data fitting in Matlab (R2014b, The MathWorks, Inc., 
USA), the diffusion coefficient (D) and surface exchange coefficient (k) can be estimated. 
Correcting for the duration of temperature quenching, an effective cooling time can be 
estimated [343]. 
 
2
,eff cooling
a
B
Tt
E cooling rate
k
=
 
× 
 
 (5-12) 
Thus, combining the exchange time and the effective cooling time, the effective total duration 
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of exchange (at the exchange temperature) can be estimated and subsequently used in the data 
fitting protocol. 
 ,total exchange eff coolingt t t= +  (5-13) 
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6. Results and discussion – Macro-tubular electrolysers 
 
Chapter summary 
This chapter presents the microstructural, chemical and performance investigation of 
electrolyte-supported macro-tubular electrolyser. Two case-studies are presented, which 
varied in electrolyte thickness (0.8 and 1.6 mm). The effect of infiltration into the solid oxide 
electrolyser cathode will be discussed. 
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6.1. Case-study 1: Electrolyte-supported tubular SOEs – 1st generation 
6.1.1. Electrode/electrolyte characteristics 
The microstructure of an exemplar Ni-YSZ|YSZ|LSM-YSZ|LSM solid oxide electrolyser is 
shown in Figure 6-1. The dimensions of the individual layers were approximately 10, 800 and 
80 μm for the Ni-YSZ cathode, YSZ electrolyte and LSM-YSZ|LSM anode, respectively. 
However, the highest spread in dimensions was observed for the Ni-YSZ cathode; i.e. some 
tubular reactors had significantly less cathode material deposited, which can be associated 
with the difficulty in reproducible deposition. Very small isolated holes could be observed 
(ca. 1-2 μm) within the electrolyte layer. However, compared to the electrolyte thickness of 
800 μm, leakage via pinholes could be ruled out. 
          
 
Figure 6-1:  SEM of the Ni-YSZ|YSZ|LSM-YSZ|LSM SOE with (A) cathode side, (B) anode side and (C) 
entire cell cross-section. 
  
YSZ Ni-YSZ YSZ LSM-YSZ|LSM 
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6.1.2. Solid oxide electrolyser (SOE) / solid oxide fuel cell (SOFC) performance 
6.1.2.1 CO2 / CO electrolysis 
Figure 6-2 shows the cell performancexxxv in reversible operation (SOE and SOFC mode) for 
a 50/50 mixture of CO2 and CO. As expected, a higher operating temperature increased the 
performance, because of increased electrolyte conductivity (ca. 0.6 versus 1.1 S m-1 for 630 – 
680°C, respectively [344]) and improved kinetics of the (electro)chemical processes. This was 
also evident from the electrochemical impedance, by which the ohmic area specific resistance 
was measured as having decreased from 25 to 19 Ω cm2 and the electrode area specific 
resistances from 93 to 78 Ω cm2.  
 
Figure 6-2:  (A) Effect of current density on cell potential difference and (B) electrochemical impedance 
at open circuit potential difference  at 50/50 CO2/CO feed at 630-680 °C for Ni-
YSZ|YSZ|LSM-YSZ|LSM solid oxide electrolyser and fuel cell. Note: EIS was recorded over 
a frequency range of 105-0.1 Hz with an RMS amplitude of 0.01 V. 
However, with consecutive cycling, the performance of the cell started to degrade very 
rapidly. This was possible due to carbon deposition, as the equilibrium composition for the 
on-set of the Boudouard reaction (Equation (6-1)) was exceeded at the operating conditions 
xxxv The current density was given on a projected electrode area taking into account the large variations in 
electrolyte thickness of these macro-tubular cells. For a detailed explanation of suitable reference electrode areas 
for tubular reactors, the reader is referred to Appendix B. 
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(Figure 6-3).  
 
Figure 6-3:  Equilibrium of the Boudouard reaction to determine the feed gas composition at which 
carbon deposition can occur (thermodynamic data is summarized in Appendix A). 
 ( ) 2( ) ( )2 g g sCO CO C→ +   (6-1) 
Changing the gas feed composition from 50/50 to 90/10 CO2/CO (Figure 6-5 vs. Figure 6-4) 
decreased the spread between consecutive cycles and decreased the fuel cell performance 
drastically (approximate peak power densities decreased from 0.0046 to 0.0026 W cm-2). This 
was due to less reactant being available during SOFC operation (21 - 8% fuel utilization for 
90/10 – 50/50 CO2/CO ratios, respectively). Thus, for more optimised reversible operation 
(SOFC / SOE mode switching) higher fuel ratios would be required, together with higher 
operation temperatures in order to avoid carbon deposition. However, little effect on 
electrolyser performance as a function of CO2/CO ratio was observed. This was probably due 
to the sluggish performance in electrolyser mode, so operational conditions were always far 
away from high reactant conversions, which could trigger the concentration polarization 
resistance to increase noticeably. The effect of total flow rate was also investigated; 
decreasing the total fuel electrode flow rate from 40 to 30 ml min-1 caused 80% decrease in 
performance at 50/50 feed flow rate at 680 °C. However, part of the loss in performance could 
also have been associated with degradation, which has been found to be fast at high CO/CO2 
ratios due to carbon deposition.  
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Figure 6-4:  Effect of current density on cell potential difference at 680 °C at different CO2/CO feed 
ratios. 
At cell potential difference of up to 2.0 V, experimental yields of CO and consumption of CO2 
matched theoretical predictions. However, at 2.5 V only 66% charge yield was evident 
(Figure 6-5), indicating electronic short-circuiting due to the YSZ becoming electronically 
conductive and possibly decomposes.  This phenomenon will be explained in more depth in 
Section 7.1.2.1. 
 
Figure 6-5:  Effect of current density on theoretical and experimental changes on CO2 (consumed) and 
CO (produced) in electrolyser mode at 680 °C at 20/20/60 CO2/CO/He feed flow rate. 
Despite relatively low overall performance, the current densities of about -4 mA cm-2 
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achieved at 1.5 V cell potential difference exceeded published data of thick electrolyte-
supported YSZ tubular electrolysers [221], which at temperatures between 800-900 °C and 
CO2 concentrations of 20-80 % (the make-up gas being argon) achieved only ca. -1.0 to -2.0 
mA cm-2 at 1.5 V. Their electrolyte was slightly thicker (1500 μm); however, as the 
electrolyte conductivities reported for these reactors were 3-6 S m-1, the thicker electrolyte 
cannot entirely explain the improved behaviour of the cells in Figure 6-4. The use of Ni-LSM 
as the fuel electrode (LSM not stable in a reducing atmosphere [345]), pure CO2 feed (re-
oxidation in the absence of a protective current) and a thinner fuel electrode layer (ca. 3 μm) 
were more likely the causes of the low performance.  
6.1.2.2 CO2 / H2 electrolysis 
To prevent degradation of the solid oxide reactors by carbon deposition and maintaining feed 
ratio flexibility, the CO (acting as reactant in fuel cell mode and preventing re-oxidation) was 
substituted with H2 at 3:1 and 6:1 CO2/H2 ratio. Consequently, the (reverse) water gas shift 
reaction (Equation (1-6)) converted this feed mixture into a CO2/H2/H2O/CO feed mixture. 
The expected feed gas compositions within the reactor are summarized in Table 6-1 (under 
the assumption that the reverse water gas shift reaction equilibrium had been reached. 
Previously, it had been shown that steam and co-electrolysis was superior to CO2 electrolysis 
alone (Section 3.1.3). Thus, it was not surprising that the performance improved by nearly 
300% compared to CO2/CO alone (Figure 6-6 versus Figure 6-4). For a more detailed analysis 
to explore and explain the difference in performances of CO2, CO2/H2O and H2O electrolyses, 
the reader is referred to Chapter 8. 
Table 6-1:  Gas feed compositions after reverse water gas shift equilibration at 700 °C. 
 Gas feed composition (initial feed) / ml min-1 
 CO2 H2 H2O CO He (carrier gas) 
3:1 feed scenario 11.6 (15.0) 1.6 (5.0) 3.4 (-) 3.4 (-) 30 (30) 
6:1 feed scenario 14.6 (17.0) 0.6 (3.0) 2.4 (-) 2.4 (-) 30 (30) 
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Figure 6-6:  (A) Effect of current density on cell potential difference at ca. 700 °C for 3:1 (—) and 6:1 (- -) 
CO2/H2 feed ratio with ● (3:1) and ▲ (6:1) indicating steady state values and (B) 
electrochemical impedance at 3:1 CO2/H2 feed ratio for “reference” Ni-YSZ, iron and copper 
infiltrated Ni-YSZ fuel electrode. Note: EIS was recorded over a frequency range of 105-0.1 
Hz with an RMS amplitude of 0.01 V. 
The performance of the solid oxide cell was further improved by impregnating the cells with 
copper or iron (loading of ca. 0.59 and 0.81 mg cm-2, respectively). The infiltration of a co-
catalyst decreased the ohmic area specific resistance: 17.3 to 6.4 Ω cm-2 for “blank” and Cu-
Ni-YSZ, respectively, by lowering contact losses. As the electrode layer was only 10 μm 
thick, i.e. the entire layer would have been be a functional layer [95, 96] and very porous (as 
the NiO-YSZ precursor paste had been diluted with terpinoel ink vehicle at 1:0.5, so 
introducing extra porosity), the co-catalyst impregnation also decreased the electrode area 
specific resistances from 13.7 to 5.4 Ω cm2. However, besides a potentially positive catalytic 
effect, the current collection / distribution will most likely have also been improved by 
infiltration. Inhomogenous current collection is a major cause for current density variations; 
hence, a cell with lower resistance might have more active / accessible sites, due to a more 
homogenous current density distribution and therefore lower overall overpotentials. 
In fuel cell mode, concentration polarization and very pronounced hysteresis was evident as 
the fuel utilization exceeded 70%. The hysteresis was also evident in electrolyser mode at 
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high cell potential differences as reactant utilization approached 50% so that forward and 
backward sweeps are conducted in slightly different gas atmospheres. However, steady state 
measurements at a constant potential showed that the true values were usually an average of 
current values between the negative- and positive-going potential sweeps.  
Figure 6-7 show the individual reactant conversions and their respective shares of the total 
conversion. In fuel cell operation, the CO/H2 conversions were close to the predicted split 
assuming the reverse water gas shift reaction equilibrating the products. However, in the 
electrolyser mode there was a small deviation, with seemingly more H2 being produced than 
predicted; i.e. the (reverse) water gas shift reaction equilibrium compositions were not 
reached. Also, at a CO2/H2O feed ratio of 3.4:1, the actual ratio of reacted CO2/H2O was 
between 2.1:1 to 2.5:1; indicating that H2O electrolysis was preferred over CO2 reduction 
even at low H2O feed concentrations; a similar trend was found for the 6:1 CO2/H2 feed ratio. 
Faradaic charge yields close to 100% were achieved for the different flow and reactor 
conditions. 
 
Figure 6-7:  Exemplar conversions of CO2/H2O (electrolyser) and CO/H2 (fuel cell) for copper infiltrated 
Ni-YSZ|YSZ|YSZ-LSM|LSM solid oxide reactor at 3:1 CO2/H2 feed ratio at 700 °C. 
The change to a CO2/H2 gas feed and impregnation of a co-catalyst also improved the overall 
stability of the reactors. Redox and temperature (700 – 25 – 700 °C) cycling resulted in only 
13% cell performance loss between different days. 
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6.2. Case-study 2: Electrolyte-supported tubular SOE – 2nd generation 
6.2.1. Electrode/electrolyte characteristics 
Figure 6-8 shows the microstructure of an exemplar Ni-YSZ|YSZ|LSM-YSZ|LSM solid oxide 
electrolyser. The dimensions of the individual layers were approximately 10-20, 1600 and 80 
μm for the Ni-YSZ cathode, YSZ electrolyte and LSM-YSZ|LSM anode, respectively.  
          
Figure 6-8:  SEM of the Ni-YSZ|YSZ|LSM-YSZ|LSM SOE with (A) cathode and (B) anode side.  
The cells were infiltrated using solutions of copper (II), nickel (II) and iron (III) to a loading 
of ca. 1.4 mg cm-2. Energy dispersive spectroscopy (EDS) was used to investigate the extent 
of the iron and copper infiltration. Elemental maps and individual spectra are shown for iron 
(Figure 6-9) and copper (Figure 6-10) and summarized in Table 6-2 and Table 6-3. It can be 
seen that the infiltrated species were concentrated at the outer edge of the Ni-YSZ electrode, 
rather than being distributed through the entire microstructure. 
Table 6-2:  Elemental compositions of iron-impregnated Ni-YSZ electrode along Ni-YSZ|YSZ fibre 
cross-section (Figure 6-9). 
 Elemental composition / wt% 
1 2 3 4 5 6 7 8 9 10 11 12 
Fe 46.7 14.0 57.9 37.4 27.8 6.2 4.3 6.9 2.3 3.1 6.7 0.1 
Ni 51.4 84.1 42.1 50.9 69.8 25.3 88.8 84.9 94.3 58.6 47.3 0.8 
YSZ 1.9 1.9 0 11.7 2.4 68.5 7.0 8.2 3.3 38.4 46.0 99.1 
 
(A) (B) 
YSZ 
Ni-YSZ 
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Figure 6-9:  Elemental mapping and individual spatial distributions of iron-impregnated Ni-YSZ cathode 
(post-operation) using EDS. 
 
Figure 6-10:  Individual compositions of copper-impregnated Ni-YSZ electrode (post-operation) using 
EDS.   
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Table 6-3:  Elemental compositions of copper-impregnated Ni-YSZ electrode along fibre cross-section 
(Figure 6-10). 
 Elemental composition / wt% 
1 2 3 4 5 6 7 8 9 10 11 
Cu 28.6 69.9 42.2 3.9 3.6 3.2 - - - - - 
Ni 63.6 3.7 50.4 40.2 42.5 28.7 0.5 0.6 0.3 0.2 0.1 
YSZ 7.8 26.4 7.5 55.9 53.9 68.1 99.5 99.4 99.7 99.8 99.9 
 
6.2.2. SOE/SOFC performance 
6.2.2.1 CO2/H2 electrolysis 
The electrochemical performance of the 2nd generation thick-tubular cells is shown in Figure 
Figure 6-11. Noticeably, all infiltrated cells performed better than cells with unfiltrated Ni-
YSZ electrode. The shape of the current density – cell potential difference curves are 
essentially linear, implying the performance was dominated by the ohmic area specific 
resistance (ASR), which was also evident from the electrochemical impedance spectra (Table 
6-4), with over 80% ohmic ASR contributions towards the total resistance. Noticeably, the 
electrode area specific resistances were very similar for all cells.  
Table 6-4:  Contributions to area specific resistances (ASR) for thick tubular solid oxide cells at open 
circuit potential difference and 6:1 CO2/H2 feed gas at 700 °C. 
 Ohmic ASR / Ω cm2 Electrode ASR / Ω cm2 Total resistance / Ω cm2 
“blank” 14.9 2.06 17.0 
iron 8.43 2.12 10.6 
nickel 9.68 2.26 11.9 
copper  9.29 2.42 11.7 
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Figure 6-11:  (A) Effect of current density on cell potential difference at 700 °C for 3:1 (—) and 6:1 (- - -) 
CO2/H2 feed ratio and (B) electrochemical impedance at open circuit potential difference for 
6:1 CO2/H2 feed ratio for “reference” Ni-YSZ (○), nickel (□),  iron (◊) and copper (∆) 
infiltrated Ni-YSZ fuel electrode. Note: EIS was recorded over a frequency range of 105-0.1 
Hz with an RMS amplitude of 0.01 V. 
Contrastingly, impregnation of cells decreased the ohmic area specific resistance. At ca. 1.7 S 
m-1 YSZ conductivity [344], the electrolyte resistance is ca. 9.4 Ω cm2. Thus, for the 
infiltrated cells the ohmic potential losses were due to mainly electrolyte resistance 
(negligible wire resistances and hardly any contact losses). However, for the blank cell the 
electrolyte contribution was only ca. 63%, hence contact losses occurred in this cell type (wire 
resistance contributions were the same for all cells). The energy dispersive spectra showed 
that the metal infiltrates were mainly found at the Ni-YSZ | gas interface; i.e. additional 
electronically conductive material was deposited onto the inner surface of the electrode as 
shown in Figure 6-12. Consequently, more conductive material was in contact with the 
current connection and the contact losses were decreased. This surface effect would also 
explain why the impregnation of the co-catalyst had no/little effect on the electrode 
polarization. 
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Figure 6-12:  Schematic of the effect of impregnation on current collection contacts. 
Total product fluxes between 10-20 and 19-34 μmol min-1 cm-2 were achieved at 1.5 and 2.0 
V cell potential difference, respectively, at which charge yields were close to 100%; (partial) 
conversions are shown in Figure 6-13. Similar discrepancies were evident between theoretical 
expected and measured relative H2/CO production rates (relative H2O/CO2 conversion ratios) 
as for the 1st generation cell. Note: the overall conversions are slightly lower, as the total 
active area per individual cell was smaller for the 2nd generation cells.  
Short-term degradation (Figure 6-14) revealed that operation close to the thermo-neutral 
potential difference (Equation 2-37) resulted in stable operation for all cells apart from those 
infiltrated with iron. The latter showed the highest overall performance, but asymptoted 
towards the performance of cells with other infiltrated metals. 
 
Figure 6-13:  Exemplar conversions of CO2/H2O (electrolyser) and CO/H2 (fuel cell) for copper-infiltrated 
Ni-YSZ|YSZ|YSZ-LSM|LSM solid oxide reactor at 3:1 CO2/H2 feed ratio at 700 °C. 
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Figure 6-14:  Steady state current densities at 1.5 V applied cell potential difference at 700 °C at 6:1 
CO2/H2 feed gas ratio. 
6.3. Chapter summary: comparison of different generation macro-tubular solid oxide 
reactors 
It has been shown that CO2 reduction in macro-tubular reactors was possible, albeit 
performance was low (< |0.01| A cm-2). Furthermore, degradation was very fast, possibly due 
to carbon deposition via the Boudouard reaction of the co-fed CO at the operating 
temperatures investigated. To overcome the issues of low performance and degradation, the 
reaction gas was changed to a CO2/H2 mixture facilitating pseudo-co-electrolysis, as the 
reverse water gas shift reaction converted some of the CO2/H2 to CO/H2O.  
However, the 1st generation cells still had major drawbacks such as: 
• possible performance variation due to a temperature gradient along the electrode; 
• poor electrode microstructure as a result of the inner electrode deposition method; 
• high ohmic losses due to poor current connection. 
The 2nd generation cells performed up to 25% better (-0.1 compared to -0.08 A cm-2) despite a 
twice as thick electrolyte. The electrode area specific resistance was halved due to improved 
microstructure of the electrode: no dilution of the Ni-YSZ precursor ink and better control 
over coating. Impregnation of the Ni-YSZ electrodes with a metal co-catalyst improved both 
cell generations substantially, decreasing the contact resistances, due to forming an 
electronically conductive layer on the outer electrode surface as revealed by elemental 
analysis. Catalytic effects improving the electrode polarization was observed only for the 1st 
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generation cell as the microstructure was more porous, enabling deeper infiltration of co-
catalyst. However, the general increase in performance (lower ohmic and electrode resistance) 
can also be partially be attributed towards the enhanced current collection / distribution; i.e. 
more homogeneous current density distribution. All 2nd generation cells exhibited good short-
term stability.  
 
Figure 6-15:  Effect of electrolyte thickness and current density on ohmic potential loss (additional specific 
electrical energy) at 700 °C for 10.5-YSZ.  
However, the overall cell performance could still be improved, as presently the resistances are 
dominated by the ohmic potential loss due to the thick electrolytes, resulting in either a large 
specific electrical energy penalty (we) or a low current density (Figure 6-15). In order to create 
a viable process (low specific electrical energy consumption, while achieving high production 
rates with a reasonable electrode area), the electrolyte contribution has to be decreased. 
Therefore, research on electrolyte-supported tubular reactors was terminated in favour of 
electrode-supported reactors. Important design considerations, learnt from work on 
electrolyte-supported SOE/SOFC, for these electrode-supported structures are: 
• electrode microstructure is important 
• current connection on the inner lumen of the tube is crucial to avoid additional ohmic 
resistance. 
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7. Results and discussion – CO2 electrolysis in micro-tubular electrolysers 
 
Chapter summary 
This chapter outlines the fabrication and characterization of micro-tubular  
NiO-YSZ|YSZ|YSZ-LSM|LSM solid oxide electrolyser. Performance characterization will be 
given for a range of different operating conditions (temperature, reductant/oxidant ratio), 
diffenent electrolyte thickness and various current collection designs (silver or nickel wire 
with and without the addition of silver or nickel conductive paste). 
The effect of co-catalyst addition into the cathode either via infiltration or inclusion in the co-
extrusion/sintering precursor fibre fabrication will be discussed. 
 
This chapter is partially based on the author’s publications: 
• Kleiminger et al., RSC Adv., vol. 4, no. 91, pp. 50003-50016, 2014 – Reproduced by 
permission of The Royal Society of Chemistry, Copyright 2014. 
http://dx.doi.org/10.1039/C4RA08967G.. 
• Kleiminger et al., ECS Trans, in press, 2015 – Reproduced with permission. 
Copyright 2015, The Electrochemical Society. 
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7.1. Development and characterisation of micro-tubular reactors for CO2 splitting 
7.1.1. Development and characterization of hollow fibres 
7.1.1.1 Sintering behaviour 
 
Figure 7-1:  Sintering behaviour of NiO, 60/40wt% NiO-YSZ (fuel electrode layer) and YSZ (electrolyte) 
with (A) shrinkage and (B) shrinkage rate (ca. 4 × 5 mm cylinders – section 5.2.1). 
The shrinkage behaviour of sintering pure YSZ and NiO and their cermet composition within 
the fuel electrode layer are shown in Figure 7-1, highlighting a mismatch in the shrinkage of 
the inner electrode and electrolyte layer. The inner NiO-YSZ cermet layer shrank more and at 
a higher shrinkage rate with a lower temperature on-set, so exerting tensile stresses on the 
electrolyte and causing failure. This was detected in earlier batches of fibres, which broke 
and/or delaminated during sintering, independently of sintering temperature, time, heating or 
cooling rates (Figure 7-2).xxxvi 
However, due to percolation restrictions (ca. 40 vol% Ni corresponding to ca. 55 wt% NiO for 
solid state fabrication techniques [99]), the NiO content could not be decreased. Thus, to 
decrease the effect of the mismatch, the electrolyte thickness range was decreased from ca. 
80-100 µm to 15-50 µm by adjusting the extrusion rates during the spinning process.  
 
xxxvi Note: no surface cracking (independent of electrolyte layer thickness) was observed on the co-extruded 
fibres after drying and before sintering compared to for example vacuum-assisted dip coating [210] or 
electrophoretic deposition [223]. Thus, cracking must have occurred during sintering only. 
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1) NiO-YSZ shrinks faster 
than YSZ, so exerting 
tensile stress on YSZ 
2) If tensile force is too 
large, the fibre detaches 
locally and breaks open to 
relieve stress
3) Crack-propagates 
into entire fibre
4) Fibre breaks open
 
Figure 7-2:  Sintering failure (under tensile stress) as a result of shrinkage behaviour mismatch (batch 2). 
Note: the shrinkage rate could also be dependent on particle/agglomerate size, i.e. smaller 
particles/agglomerates should sinter more as they could pack closer together [346]. However, 
substituting the micro-metre sized YSZ particles in the electrolyte layer with nanoparticles 
was also unsuccessful, as the outer layer no longer densified (individual parts of the 
electrolyte were sintered more, but still not in the radial direction), while the fibre was still 
breaking open (Figure 7-3). In theory, best sintering should be achieved with bi-modal 
particle size distributions, but as decreasing the electrolyte thickness resulted in acceptable 
fibres, investigation of different YSZ particle sizes was not pursued further. 
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Figure 7-3:  Sintering failure for YSZ (nm) | NiO-YSZ (μm) precursor fibres (batch 1). 
7.1.1.2 Microstructure and porosity 
Figure 7-4 A-C show the microstructures for different extrusion rates and resulting 
thicknesses (of batch 4). By varying the outer layer extrusion rates, the electrolyte thickness 
could be manipulated to be on average 19 (± 2), 26 (± 2) and 49 (± 3) µm, while the inner 
layer varied between ca. 250 to 210 μm for 19 to 49 μm electrolyte thicknesses. The inner 
electrode was asymmetrical, with finger-like voids extending 49, 44 and 39% into the cathode 
layer (for 19, 26 and 49 μm electrolyte thickness, respectively), which was beneficial in 
enhancing mass transport rates into the electrode structure [347].  
 
Figure 7-4:  SEM images of cross-sectioned fibres post-operation: (A)-(C) reduced fibres with different 
electrolyte thicknesses 
Comparing the inner electrode before (NiO-YSZ) and after (Ni-YSZ) reduction, an increase in 
porosity within the bulk inner Ni-YSZ cermet electrode was visible (Figure 7-8). This sponge-
type structure was a result of the reduction of nickel oxide to nickel and the consequent 
volume losses. Some pores were still visible within the electrolyte, but most were closed 
pores judging by results of gas permeability measurements, as discussed below, and so did not 
impact on the performance of the solid oxide reactors, except in decreasing effective 
conductivities (which could be corrected for by using for example the Bruggeman equation).  
19 ± 2 49 ± 3 26 ± 2 (A) (C) (B) 
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Figure 7-5:  SEM images of cross-sectioned fibres: (A) full cell, (B) YSZ electrolyte, (C)-(D) inner 
electrode post and pre-reduction and (E) interface between all four layers of Ni-
YSZ|YSZ|LSM-YSZ|LSM solid oxide reactor. 
Figure 7-6 reports the effects of electrolyte thickness and NiO reduction on porosities of 
Ni(O)-YSZ|YSZ hollow fibres. For all electrolyte thicknesses, the reduced fibres were more 
porous than their unreduced precursors, as nickel (6.59 cm3 mol-1) has a lower molar volume 
than nickel oxide (11.20 cm3 mol-1). Porosity within the unreduced samples was due to the 
finger-like voids formed during the phase-inversion process. The apparent porosity decreased 
with electrolyte thickness for both reduced and un-reduced fibres. Firstly, this was due to the 
porosity reported including the electrolyte contribution (which was close to being 100 % 
dense) and the relative envelope volume of the electrolyte increased from ca. 8 to 23 % with 
increasing electrolyte thickness. Secondly, the finger-like voids extended to different extent 
into the electrode layer depending on the electrolyte thickness: 49, 44 and 39 % for 19, 26 and 
49 μm.  
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M
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SZ
 
NiO-YSZ Ni-YSZ 
YSZ 
YSZ Ni-YSZ 
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(E) 
(D) 
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Figure 7-6:  Porosity of unreduced and reduced hollow fibres as a function of electrolyte thickness.  
Figure 7-7 shows the pore size distribution within the hollow fibres in their unreduced and 
reduced state for the 19 µm thick electrolytes. The pores with intrusion maxima at ca. 750 µm 
were associated with the large finger-like voids and were found within the reduced and 
unreduced samples. Contrastingly, smaller pores (maxima at ca. 60 and 200 nm) were formed 
as a result of the reduction of the nickel oxide to elemental nickel, creating the characteristic 
sponge-type structure within the bulk of the electrode. Similar trends were obtained for the 26 
and 45 µm electrolyte thicknesses, although intrusion peaks were less well defined. 
 
Figure 7-7:  Pore size distributions within Ni(O)-YSZ electrode pre- and post-reduction (for 19 µm 
electrolyte thickness). 
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The distributions of YSZ, LSM and Ni within the individual layers were determined using 
energy dispersive X-ray spectroscopy (EDS). Figure 7-8 shows the spatial maps of nickel, 
zirconium, yttrium, lanthanum, strontium and manganite across the hollow fibre cross-section 
(post-operation), showing homogeneous elemental distributions within the respective layers.  
 
Figure 7-8:  SEM image and EDS maps of individual elements within the Ni-YSZ|YSZ|LSM-YSZ|LSM 
micro-tubular solid oxide electrolyser (post-operation), all images were brightness adjusted 
(40% higher).  
7.1.1.3 Mechanical and gas-tightness properties 
The mechanical strength of individual fibres is crucial in determining long-term stability. 
Bending strengths of 161 (± 19) and 156 (± 26) MPa for the 19 and 26 µm (averaged sizes) 
electrolytes were measured, which is comparable to Ni-YSZ|YSZ fibres reported in the 
literature [348]. However, the average bending strength for the 49 µm electrolytes was only 
111 (± 44) MPa. Thicker electrolytes are expected to provide higher mechanical strength. 
However, as explained for the sintering behaviour, the shrinkage mismatch of NiO-YSZ and 
pure YSZ causes tensile stresses on the fibre resulting in breakage of fibres with thick 
Ni Zr Y 
La
a 
Mn Sr 
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electrolyte layers. Therefore the 49 µm electrolyte fibres are more likely to be affected by in-
homogeneities of the fibre dimensions, reflected in lower strength and wide spread within the 
measured data. 
Ceramic gas-membranes are generally considered gas-tight at a nitrogen permeability of less 
than 10-10 mol m-2 s-1 Pa-1 [328]. This gas-tightness is crucial as solid oxide cells rely on 
spatially separated redox reactions, so gas cross-over is to be avoidedxxxvii. During MT-SOFC 
operation, gas leakage is usually detected by a decrease in the open circuit potential as the 
local gas composition at the electrodes changes, potential recombination of products 
decreasing the yield and in fuel cell mode, reactants are consumed without power being 
generated. Figure 7-9 implies that as the thickness of the electrolyte was increased, so was the 
gas-tightness and the values approached the benchmark proposed by Tan et al. [328]. This 
was due to mainly the decreasing probability of pinholes protruding across the entire 
electrolyte thickness as that property was increased.xxxviii  
 
Figure 7-9:  Gas tightness as a function of the electrolyte thickness for batch 4 at a sintering temperature 
of 1500°C (○).  
xxxvii The 10-10 mol m-2 s-1 Pa-1 figure of merit corresponds to < 0.005 ml min-1 gas leakage across an entire cell 
(60 mm long with 15 mm active length) at room temperature. Obviously, higher temperatures and different gases 
might increase the gas leakage, however, the cross-over rate will still be acceptable, if gas-tightness is around 
this figure of merit. 
xxxviii Note: preliminary sintering experiments of Batch 3 indicated over one order of magnitude difference in gas 
permeability for fibres sintered at 1450 °C compared to 1500 °C; i.e. high sintering temperatures were required 
to obtain a dense membrane. 
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The XRD analysis detected only characteristic peaks of nickel oxide and YSZ in the un-
reduced NiO-YSZ|YSZ precursor; i.e. no solid state reaction within the detection limit. After 
reduction, nickel characteristic XRD peaks were also detected (Appendix J). 
7.1.2. Electrochemical performance 
7.1.2.1 Performance of the MT-SOEs 
The equilibrium potential differences (Figure 7-10) were predicted to be 0.886, 0.856 and 
0.826 V for 700, 750 and 800 °C, respectively, using the Nernst Equation (7-1) for a 90/10 
CO2/CO feed. Deviations (between |∆Eeqm| and open circuit potential difference) were 
measured between 56 (56) and 70 (75) mV for 50 to 15 μm electrolyte thickness, respectively, 
at 700°C (800°C) operating temperature. The 14 to 19 mV variation between different 
electrolyte thicknesses can be explained by the thinner electrolyte not being as gas-tight 
(Figure 7-9); higher temperatures resulted in increased deviations. The remaining deviation 
was possibly due to air leakage through the ceramic sealant, as well as local variations in gas 
composition at the electrodes due to an unquantified aerodynamic flow field distribution. 
 2
2
2
/ , ln2
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T CO CO T
CO O
pRTE E
F p p
°
 
 ∆ = ∆ +
  
 (7-1) 
 
Figure 7-10:  Predicted effect of temperature on |∆Eeqm| for different CO2/CO gas compositions. 
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Figure 7-11:  Effects of applied current density (j) and electrolyte thickness on cell potential difference (U) 
and specific electrical energy consumption (we) at 750 ºC and 90/10 CO2/CO gas feed 
composition. 
Figure 7-11 shows the effect of the current densityxxxix on cell potential difference at 750 ºC 
for typical electrolysis cells with electrolyte thicknesses between 15 to 50 µm. The 
performance of the electrolyser increased as the electrolyte thickness was decreased, due to 
the decreased ohmic potential losses predicted by Equation (7-2).  
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( ) ln 1
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φ
σ π σ
+  
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e
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e T electrode e T er
j r I tdr
L r
 (7-2) 
The specific electrical energy consumption (Equation (7-3)) highlights that operation at higher 
current densities would be beneficial, as the energy penalty for an incremental increase in 
current density is smaller than at lower current densities.xl  
xxxix Note: for all current density calculations, the inner radius of the fibre has been used to determine the 
electrode area unless stated otherwise – for a discussion about choosing a particular reference area the reader is 
referred to the Appendix B. The fibre dimensions have been determined from SEM images for each individual 
reactor to ensure accuracy of the measurements for reliable comparison between different fibres. 
xl Differentiating U (Equation (2-16)) with respect to j with 
0
lnη
α
 
≈  
 
RT j
F j
(approximating Equation (2-20)) 
and φ
σ
∆ ≈IR
jd (Equation (2-21)) yields 1
2≈ +
dU constant constant
dj j
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Figure 7-12 reports the effects of current density and operating temperature (700, 750 and 800 
ºC) on the cell potential difference and specific electrical energy consumption. Higher 
temperatures enhanced the performance of the electrolyser due firstly to increased ohmic 
conductivity of the electrolyte – 1.9, 2.9 and 4.3 S m-1 for 700, 750 and 800 °C, respectively 
[349] – and secondly due to faster kinetics. Despite the controversy about the identity of the 
rate limiting steps within solid oxide electrolysers (or fuel cells) for CO2, H2O, H2 or CO 
reduction/oxidation (single charge transfer step assumption using Butler-Volmer or 
elementary modelling approaches [350, 145, 201]), all reaction rates of the processes involved 
e.g. charge transfer, surface adsorption etc. usually follow an Arrhenius type relationship; 
hence higher temperatures are expected to decrease the overpotential required to achieve a 
pre-set current density. 
 
Figure 7-12:  Effects of applied current density (j) and operating temperatures on cell potential difference 
(U) and specific electrical energy consumption (we) for a 15 µm thick electrolyte and 90/10 
CO2/CO gas feed composition. 
However, to further assess the effects of electrolyte thickness and operating temperature on  
electrolyser performance, electrochemical impedance spectra for the thickness and 
temperature extremes were measured, the results being reported in Figure 7-13. The high 
frequency intercepts represent the (area specific) ohmic resistance and the difference between 
high and low frequency intercepts is associated with a cell’s overall (area specific) resistance. 
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The individual values are summarized in Table 7-1. 
 
Figure 7-13:  Electrical impedance spectra at 700 °C (unfilled) and 800 ºC (filled) for electrolyte thickness 
extremes: 15 (▲) and 50 (●) µm measured at UOCPD. Note: EIS was recorded over a 
frequency range of 105-0.1 Hz with an RMS amplitude of 0.01 V. 
Table 7-1:  Contributions to area specific resistances of tubular solid oxide cell. 
 Ohmic area specific resistance  
/ Ω cm2 
Electrode area specific resistance  
/ Ω cm2 
Total resistance 
 / Ω cm2 
15 µm – 700 ºC 0.47 1.69 2.16 
15 µm – 800 ºC 0.43 1.37 1.80 
50 µm – 700 ºC  0.63 1.82 2.45 
50 µm – 800 ºC 0.49 1.32 1.81 
 
The (area specific) ohmic resistances decreased with decreasing electrolyte thickness, as 
expected from Equation (7-2). Likewise, increasing temperatures decreased (area specific) 
ohmic potential losses due to higher conductivities of the YSZ electrolyte. However, 
calculating the individual contributions to the total ohmic potential losses [47] (Equations (7-
4) to (7-6) and Table 7-2) due to: wire resistance, contact losses, anode and cathode losses, 
only 28-5% of the total resistance were due to the electrolyte resistance (Figure 7-14).  
 ( ) ( ) ( )φ φ
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 expσσ
− =  
 
a
e
A E
T RT
 (7-5) 
 φ φ φ∆ = − ∆ − ∆IR IR IRcontact cell o electrolyte wiresI R  (7-6) 
Table 7-2:  Parameters used to calculate ohmic potential loss contributions (set or from literature). 
 
Thinning the electrolyte from 50 to 15 µm decreased the resistance contribution by 11-18%, 
depending on the operating temperature. The resistance of the wires and contact potential 
losses were dominant, especially at elevated temperatures. Careful reactor design has to be 
implemented for scale-up and stack design to decrease resistance due to wires, i.e. shorter and 
thicker wires where possible. The current collection is a more challenging problem and 
possible solutions will be discussed in Section 7.2. 
 
Parameter Value Comments Reference 
Awire  / m 4.9 x 10-8 (0.25 mm OD – used for inner 
electrode) 
 
 3.1 x 10-8 (0.20 mm OD – used for outer 
electrode) 
 
Lwire / m 0.2 within furnace  
 0.2 outside furnace  
rinner, re, te, router / m 4.1, 6.6, 0.15, 7.5 (x 10-4) Fibre 1 (15 µm)  
 4.3, 6.3, 0.5, 7.2 (x 10-4) Fibre 2 (50 µm)   
σwire / S m-1 6.14 x 107 outside furnace (298 K) [351] 
 3.32 x 107 averaged over temperature 
gradient within furnace 
[351] 
σNi electrode / S m-1 1 1392exp
0.00298Ni YSZ T
σ −
 =  
 
  
[117] 
σLSM electrode  / S m-1 1 600exp
0.008114LSM YSZ T
σ −
− =  
 
 
[117] 
Aσ / S K m-1 3.6 x 107  [349] 
Ea / J mol-1 8.0 x 104  [349] 
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Figure 7-14:  Individual contributions to the area specific ohmic resistance as a function of operating 
temperature and electrolyte thickness. Note: the combined ohmic ASR due to radial cathode 
and anode resistances were < 0.02% of the total resistance, so were omitted from this figure. 
The area specific electrode resistances at UOCPD for the different thicknesses were expectedly 
similar, as they were associated with charge and mass transfer reactions, which should be 
independent of electrolyte thickness. Some variation between the cells of different electrolyte 
thicknesses will have been due to differences in porosity and microstructure of the respective 
fibres: extent of finger-like voids versus sponge-type structure and their effect on the gas 
transport, albeit not a limiting factor for the range of current densities used. Generally, the 
electrode resistances decreased with increasing temperature due to enhanced kinetics, as 
discussed earlier with the exchange current density jo being a function of temperature.  
A strong dependence of the total area specific resistance (ASR) as a function of the current 
density / cell potential difference was derived by analysing the change in gradients in Figure 
7-11 or Figure 7-12 and highlighted in Figure 7-15. A peak in ASR was detected at ca. 1.0-1.2 
V cell potential difference, depending on temperature and gas-composition. This change in 
overall resistance was believed to be due to the overall electrolysis reaction being 
endothermic, whereas Joule heating increases the cell temperature, resulting in a minimum 
temperature between UOCPD and UTNPD, whereby UOCPD depends on temperature and gas 
composition and UTNPD is only temperature dependent (Figure 7-10 and Equation (7-7)xli ); 
xli Applicable temperature range 700 – 1300 K. 
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similar observations have been discussed by Yan et al. [352]. However, electrical impedance 
spectra revealed that the variation in the total ASR was associated mainly with the electrode 
ASR (ohmic ASR changed less than 1%), indicating temperature variations cannot be global. 
Thus, temperature variations/gradients must have been confined mainly within the electrode 
and processes such as adsorption and charge transfer were mainly affected. Slightly higher 
ASR around the open circuit potential differences for the 70/30 CO2/CO gas feed have been 
measured, which could be a result of CO partial pressure being closer to the Boudouard 
equilibrium (Figure 6-3 in Section 6.1.2.1) at lower temperatures. Contrastingly, in the fuel 
cell mode, a minimum around 0.6 V cell potential was observed for the 90/10 CO2/CO ratio 
compared to a 70/30 ratio indicating mass transport limitations as the CO reactant was 
depleted. The peak behaviour in ASR for solid oxide electrolysis mode will be revisited in 
Section 7.2.3.  
 , 5, 1.48 1.87 102
−∆∆ = − ≈ ≈ − × ×r Ttn T TNPD
H
E U T
F
 (7-7) 
 
Figure 7-15:  Effects of current density (A) / cell potential difference (B) and temperature ASR for a 50 µm 
thick electrolyte and 90/10 (—) and 70/30 (- - -) CO2/CO gas feed ratios. Electrical impedance 
spectra at 700 °C and 90/10 CO2/CO in (C) fuel cell mode with UOCPD (+), 0.5 V (∆), 0.3 V (○) 
and (D) electrolyser mode with UOCPD (+), 1.1 V (□), 1.3 V (◊), 1. 5 V (∆) and 1.7 V (○).  Note: 
EIS was recorded over a frequency range of 105-0.1 Hz with an RMS amplitude of 0.01 V. 
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Current densities of ca. -1 A cm-2 were achieved at 1.8 V, for 800 °C and with a 15 µm thick 
electrolyte. In comparison, the best performing planar cells achieve this current density 
between 1.2 V (-0.8 A cm-2 at 850 °C) to 1.25 V (-1.0 A cm-2 at 800 °C) [139, 50], which 
corresponds to 27-31% less electrical energy consumption. However, as discussed above, the 
main limitations of the MT-SOEs at present are the current collection and contact losses, 
which contribute 72-95% towards the ohmic potential losses. Furthermore, Zhan and Zhao 
[50] operated their electrolyser in co-electrolysis mode, using a CO2/H2 gas feed due to the 
reverse water gas shift reaction (Equation (7-8)), which has been reported to achieve higher 
performance [353]. 
 reverse water gas shift reaction2 2 2water gas shift reactionCO H H O CO
→+ +←  (7-8) 
However, the performance of the MT-SOEs reported here exceeds what has been reported for 
other tubular systems: -0.38 A cm-2 (CO2 electrolysis – this study) compared to -0.20 A cm-2 
(co-electrolysis) [177] at 1.4 V and 750 °C. Dipu et al. [221] recently also reported results for 
electrolysis of CO2 alone; however, their maximum current densities at 2.0 V were very low: 
ca. -1.5 to -3.5 mA cm-2 for 800-900 °C, respectively, which can be partially attributed to 
their 1.5 mm thick YSZ electrolyte. For a more detailed discussion about (thick) electrolyte-
supported structures the reader is referred to Chapter 6. 
 
Figure 7-16:  Effects of electrolyte thickness and temperature on average current densities for a cell 
potential difference of 1.5 V; data averaged over 1-5 cells. 
Figure 7-16 depicts the current densities at a cell potential difference of 1.5 V averaged over 
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multiple fibres at different operating temperatures and electrolyte thicknesses. In general, 
similar trends as depicted in Figure 7-11 and Figure 7-12 were verified across the batch of 
hollow fibres.  
The reactant consumption and product formation can be determined from analysis of the 
electrolyser off-gas for steady state measurements at individual potentials. The theoretical 
product rates can be predicted using Faraday’s law, assuming CO2–CO conversion is the only 
reaction (Equation (7-9)): 
 2=
dnI F
dt
 (7-9) 
The measured (and predicted) values for dynamic and steady state operation are shown in 
Figure 7-17 and Figure 7-18. Up to 1.7 V, the maximum cell potential differences 
investigated, the change in CO2 and CO correspond to the predicted values (within 
experimental errors due to the ‘noise’ of ion currents in the mass spectrometer), indicating 
100% charge yields.  
Analysing the microstructure images, no carbon formation could be detected. Moreover, 
coking via the Boudouard reaction (Equation (6-1) and Figure 6-3) was unlikely, as the 
equilibrium composition of CO2/CO before and during electrolysis were below the 
equilibrium CO fraction of 0.64 to 0.90 for 700 to 800°C, respectively, and cold-zones were 
avoided by operating at thermo-neutral potential differences in short-term degradation 
studies.xlii 
xlii Preliminary degradation studies at UTNPD showed no noticeable variation with time in the electrochemical 
impedance spectra after an initial stabilization process. As EIS is a very sensitive technique, changes in the 
microstructure or contamination due to coking should have been detected if present, although experiments over 
100s-1000s of hours are required to validate this. Raman spectroscopy was performed on a Ni-YSZ|YSZ|YSZ-
LSM|LSM solid oxide electrolyser pre- and post-operation (Appendix K). However, similar intensities for 
carbon-peaks were found in both types of samples; hence, no conclusions of in-operando carbon deposition 
could be made. 
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Figure 7-17:  Effects of applied potential difference and operating temperature on current density and 
resulting gas fluxes (ca. 50 μm electrolyte thickness, 90/10 CO2/CO). 
 
Figure 7-18:  Effect of current density on CO2-CO compositional change for 90/10 CO2/CO gas feed for 50 
µm thick electrolyte at 700 °C (▲) and 800 °C (●) with CO2 (unfilled) and CO (filled), 
compared to theoretical conversion (- - -). 
The cell potential differences were deliberately chosen to be below 1.8 V to avoid the 
parasitic losses reported at higher potentials due to electronic short-circuiting through the 
YSZ electrolyte. In the range of operating temperatures (700-800 °C), the electronic 
conductivity of the electrolyte is 2.1-9.2 % (at 1.8 V) and 22.5-79.9 % (at 2.0 V) of the value 
of the ionic conductivity, calculated using equation (7-10) and (7-11) [354].  
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2
7 1 43.881.31 10 expσ −
 −
= ×  
 
e O
B
eV p
k T
  (7-11) 
Furthermore, operation at even higher potentials > 2.3 V would cause irreversible damage to 
the electrolyte due to reductive decompositionxliii of the zirconium oxide (Equation (7-12) to 
(7-13) Figure 7-19), whereby experimentally predicted decomposition potentials (Udp) [355] 
and observed performance degradation [141] agreed well with theoretical predictions.  
 2 2ZrO Zr O→ +   (7-12) 
 
2
0
0 ,
/ , 4
∆
∆ = − r TZrO Zr T
G
E
F
 (7-13) 
  
Figure 7-19:  Effects of temperature on the theoretical decomposition potential of ZrO2, the equilibrium 
potential of the reduction of CeO2 to Ce2O3 (thermodynamic data in Appendix A) and 
experimental data of decomposition potential (Udp) for YSZ (10 mol% yttria) with an air 
(21% oxygen) reference electrode [355].  
It is believed that the non-destructive electronic conductivity limited the cell potential 
difference under galvanostatic operation and thus was preventing irreversible damage from 
electrolyte degradation in cases such as reactant gas failure [75]. Note: the decomposition 
potential for ceria is much lower (Equation (7-14)-(7-15)), which highlights that commonly 
xliii Severe degradation of zirconia is known as ‘blackening’ and has been observed at high applied cell potential 
differences (10-500 V) [455]. 
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employed low temperature fuel cell electrolyte materials such as ceria-doped gadolinium are 
not suitable for electrolyser operation (for a preliminary performance study of CGO based 
hollow fibre reactors see Appendix L), as the operating potential ranges are quite different. 
 2 2 3 24 2CeO Ce O O→ +←   (7-14) 
 
2 2 3
0
0
/ , 4
r T
CeO Ce O T
GE
F
∆
∆ = −  (7-15) 
7.1.2.2 Short-term performance degradation testing 
Short-term degradation studies of the MT-SOEs (Figure 7-20) were performed at a constant 
current of -0.3 A cm-2, the resulting cell potential difference (ca. 1.46 V) being close to the 
thermo-neutral potential difference (UTNPD) of 1.464 V. No severe degradation could be 
detected over 8 hours, indicating fracture-free manufacture. Examining the results more 
closely, it can be noticed that the cell required about 2 hours to stabilize (fluctuations of up to 
10 mV were measured during this phase), which was also evident from the disappearance of 
noise at low frequencies in the corresponding impedance spectra. After stabilization, the rate 
of degradation was ca. 2 mV hr-1. The initial stabilization could be associated with fully 
activating the electrodes in reduction mode, as the cell was previously exposed to cyclic 
operation switching between reductive and oxidative conditions. Possible causes of 
degradation have been discussed in Section 3.4.2. However, to establish the cause and extent 
of degradation of the MT-SOE in this study, longer term experiments are required, together 
with thermal and redox cycling, as reported for MT-SOFCs [356, 223].  
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Figure 7-20:  Effect of time on cell potential difference at -0.3 A cm-2 electrolysis current density for MT-
SOE at 750 °C, 90/10 CO2/CO gas feed and 47 μm thick electrolyte. (Note: electrical 
impedance spectra were recorded over a frequency range of 105-0.1 Hz with an RMS 
amplitude of 0.001 A.) 
7.1.2.3 Performance in cyclic operation (SOE and SOFC) 
The reversibility of these cells was also investigated by cycling between electrolyser and fuel 
cell modes (Figure 7-21). Assuming essentially unity charge yields in both SOE and SOFC 
modes, round-trip efficiencies of maximum 72% and 32% for ± |0.1| and ± |0.3| A cm-2 at 800 
˚C where calculated according:  
 
2−
Φ = fuel celleCO O
electrolyser
U
U
 (7-16) 
Notably, the gas feed composition had a greater effect in fuel cell mode, due to fuel utilization 
of up to 32% and resulting partial pressures of CO of <0.07. However, high CO 
concentrations can promote coke formation (Figure 6-3), so are undesirable. Thus, for 
experiments involving such cycling, rich and lean gases should be employed for electrolyser 
and fuel cell modes, respectively, as has been proposed in a recent paper on SOE-SOFC 
modelling [357]. Peak power densities of about 0.12 (0.08) to 0.13 (0.10) W cm-2 for 90/10 
and 70/30, respectively, at 800 °C (700 °C) were comparable to values reported in the 
literature for YSZ electrolyte-based cells operating mainly with H2 (some operating on natural 
gas) [47, 212, 235], especially as the gas mixtures were optimized for electrolyser operation.  
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Figure 7-21:  Effects of applied current density and operating temperature on cell potential difference 
using a 50 µm thick electrolyte for 90/10 (―) and 70/30 (- - -) CO2/CO gas feed composition 
at 700 and 800 °C with steady state measurements at 90/10 CO2/CO gas feed at 700 °C (♦) 
and 800 °C (●). 
Note: at high cell potential differences, slight hysteresis between the positive-going and 
negative-going cycles was visible due to variation in the local gas composition (7.4-9.2% and 
12-32% CO2 and CO conversion, respectively, at 800 °C). In electrolysis mode, steady state 
measurements at constant cell potential difference (for 90/10 CO2/CO gas feed) resulted in a 
very similar current density-cell potential difference relationship. However, larger deviation 
was evident during fuel cell mode that will be discussed further below for the cyclic switching 
between the two operational modes. 
In view of possible applications to load levelling, short-term switching stability between fuel 
cell and electrolyser mode was also investigated (Figure 7-22). For each cycle, EIS data were 
collected at the start and end of the measurements at the pre-set operating current density. The 
cell potential difference during electrolysis mode initially stabilized quickly. However, 
following cycles of fuel cell operation, the stabilization took longer, albeit similar potential 
differences (1.32, 1.42 and 1.32 V for cycle 1-3, respectively) were reached eventually. 
Contrastingly, the cell potential difference in fuel cell mode degraded by ca. 20 mV  over 1 
hour, worsening in subsequent cycles (> 70 mV), which was also reflected in the large 
increase of area-specific electrode resistance shown in the impedance spectra (shift of the high 
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frequency intercept), whereas the ohmic area specific resistance remained constant.  
 
Figure 7-22:  Effect of time on cell potential difference for MT-SOE at 750 ºC, 90/10 CO2/CO gas feed and 
19 µm thick electrolyte, cycling between electrolysis and fuel cell operation at current 
densities in the range of ca. -0.3 to +0.1 A cm-2. (Note: electrical impedance spectra were 
recorded at the applied current densities at the start (unfilled) and end (filled) of each cycle 
with a frequency range of 105 – 0.1 Hz with an RMS amplitude of 0.001 A). 
Possible explanations are: (a) mass transport limitations, (b) degradation of the cell. At 0.1 A 
cm-2, reactant utilisation was 19.6% and 7.8 % for CO and O2, respectively (not accounting for 
recombination losses due to leakage). The mass transport limited current density can be 
calculated using Equations (7-17) to (7-20), with the relevant parameters given in Table 7-3, 
assuming transport control throughout the entire electrode thicknesses.  
 ,
, =
bulk eff
total CO CO e anode
L anode
anode
p x D v F
j
RTt
 (7-17) 
 2 2 ,
, =
bulk eff
total O O e cathode
L cathode
cathode
p x D v F
j
RTt
 (7-18) 
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2 2
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However, the mole fraction changes as the reactions proceed, which can be calculated using 
Equation (7-21) in conjunction with Faraday’s law (Equation (7-9)). 
 ,
−
=
 

i i
initial finalbulk final
i total
V V
x
V
 (7-21) 
Table 7-3:  Parameters used to calculate the mass transport limiting current (set or from literature). 
Parameter Value Comments Reference 
ptotal / Pa 1.01 x 105   
ve, anode  2 Equation (1-1)  
ve, cathode  4 Equation (1-4)  
tanode  / m 2.5 – 2.1 x 10-4   
tcathode / m 0.5 x 10-4   
DCO-CO2 / m2 s-1  Calculated following procedure 
outlined by Fuller et al. [52]. 
[52] 
DO2-Ar  /m2 s-1  
εanode 0.4 – 0.15 Ni-YSZ electrode (range adopted 
from Figure 7-6) 
 
εcathode 0.2 LSM-YSZ electrode [47] 
τanode 3  [358] 
τcathode 3  [358] 
V total, V initial, CO  / ml min-1 40, 4 (Base case) 
40, 12 (Variation 1) 
90/10 CO2/CO feed  
70/30 CO2/CO  feed  
 
V total, V initial, O2   / ml min-1 46, 4.6 (Base case) 
75, 7.5 (Variation 1) 
10/90 O2/Ar feed 
10/90 O2/Ar feed 
 
 
Table 7-4 shows that if reactant depletion due to its conversion is taken into account, the 
applied current density of 0.1 A cm-2 is 14-21% of the mass transport limited current density 
with the fuel side being the limiting factor. Therefore, mass transport limitations could not 
have been the only factor leading to increased cell potential differences and area-specific 
resistance. However, the flow field at the oxygen electrode was not optimized, whereas the 
CO/CO2 mix at the fuel electrode was forced to pass through the entire length of the reactor; 
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bypassing of O2/Ar within the quartz tube could occur, creating oxygen deficient regions 
close to the electrode xliv.  
Table 7-4:  Mass transport limited current densities at 1073 K for SOFC operation (anode: Ni-YSZ, 
cathode: LSM-YSZ).xlv 
 jL, anode (high porosity)  / A cm-2 jL, anode (low porosity) / A cm-2 jL, cathode   / A cm-2 
Scenario 1 1.71 0.76 10.30 
Scenario 2 0.73 0.47 2.33 
Scenario 3 2.18 1.42 3.81 
 
 
Figure 7-23:  ∆Ż’ (difference between before and and after constant current exposure) for electrolyser and 
fuel cell modes (Figure 7-22). 
The difference in spectra analysis (Figure 7-23) revealed changes around 0.1 Hz and 300 Hz 
during fuel cell operation. The low frequency shift is most likely gas transport related. The 
xliv Note: 0.1 A cm-2 is the average current density, based on the projected electrode geometry. In addition to the 
flow field distribution, axial variations in current density distributions arising to reactant utilisation and 
inhomogenous current collection/distribution obvioulsly will also affect the performance 
xlv Scenario 1 is the base-case neglecting limitations due to conversion. Scenario 2 and 3 solve iteratively for the 
conversion depletion and transport limited current densities at different CO and O2 flow rates (denoted Base case 
and Variation 1 in Table 7-3). 
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intermediate frequency can probably be associated to some sort of electrode degradation of 
either the oxygen or fuel electrode. This degradation was reversible, as the performance 
during SOE mode following SOFC was largely unaffected; i.e. no electrode delamination 
which has been reported for LSM-side degradation (Section 3.4.2). Reversible re-oxidation 
could have occurred on the Ni-YSZ electrode. The partial pressure of CO for Ni re-oxidation 
by CO2 to occur needs to be less than ca. 0.003 [359]xlvi. At 0.1 A cm-2, the bulk partial 
pressure of CO was 0.092; however, a lower pCO is expected at the electrodes due to CO fuel 
consumption, so partial re-oxidation of Ni seems possible. This hypothesis is supported by a 
longer time being required to reach steady state following fuel cell operation, i.e. possibly due 
to reversing the passivation process by re-reducing the Ni(NiO) cathode electrochemically. 
 
Figure 7-24:  Effect of time on cell potential difference for MT-SOE at 750 °C, 70/30 CO2/CO gas feed, 
total 10% O2 in argon flow rate 75 ml min-1 and ca. 28 µm thick electrolyte, cycling between 
electrolysis and fuel cell operation at current densities in the range of ca. -0.3 to +0.1 A cm-2. 
(Note: electrical impedance spectra were recorded at the applied current at the start 
(unfilled) and end (filled) of each cycle with a frequency range of 105 – 0.1 Hz with an RMS 
amplitude of 0.001 A.) 
Performance in fuel cell mode stabilized when the O2/Ar flow rate was increased by 63 % to 
75 ml min-1 and the CO2/CO ratio changed to 70/30; hardly any degradation was then evident, 
xlvi For other metal stabilities against oxidation, the reader is referred to Appendix M. 
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with 0.59 V (USOFC) resulting at 0.1 A cm-2 for all three cycles (Figure 7-24) and the total 
resistance measured using EIS remained constant. Referring to Table 7-4 (Scenario 3), 
operating at these conditions also predicted higher cathode mass transport limited current 
densities, 3 and 0.33-fold increase for anode and cathode, respectively. However, degradation 
was slightly accelerated at higher current densities in SOE mode (40 mV at -0.3 A cm-2), but 
appeared reversible at lower current densities, since for cycles 1 and 5, similar cell potential 
differences (1.32 and 1.33 V, respectively) were recorded. However, this again highlights the 
requirement that, if cells are to be run in both operational modes for load-levelling purposes, 
appropriate gas compositions should be chosen. Using the same gas compositions for fuel cell 
(high CO/CO2 ratio) and electrolysis mode (high CO2/CO) will cause at least one mode to 
underperform and increase degradation rates. 
7.1.2.4 Fabrication (performance) repeatability 
The repeatability of performance of the micro-tubular solid oxide electrolyser was 
investigated by comparing fibres of different production batches. Figure 7-25 highlights that 
the performance of 10-22 μm fibres of Batch 3 followed the trends discussed above for Batch 
4. The microstructure of the reactors of the different batches was confirmed to be similar 
ensuring dimensional comparability as discussed in Appendix B. 
 
Figure 7-25:  Effects of electrolyte thickness and temperature on current densities for a cell potential 
difference of 1.5 V for Batch 3 (filled) and Batch 4 (unfilled). 
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7.2. Improving the reactor performance 
7.2.1. Overview of different reactors investigated 
From section 7.1.2, the main conclusions to improve the cell performance are that the ohmic 
resistance has to be lowered, the main losses being due to wires and contact losses. Table 7-5 
outlines the exemplar performance of six different cell types varying the wire material (silver 
or nickel) in contact with the inner fibre lumen, if metal paste (silver or nickel) was applied to 
increase contact and if the inner electrode was infiltrated (copper or nickel; based on 
performance improvements observed in Chapter 6). All fibres tested were from Batch 5xlvii 
(Appendix G) and an identical LSM-YSZ|YSZ outer electrode finish had been applied.  
Table 7-5:  Exemplar CO2 electrolysis performance of Batch 5 hollow fibres with different inner lumen 
preparation processes for 700 (○), 750 (∆) and 800 (◊) °C. Note: EIS was recorded over a 
frequency range of 105-0.1 Hz with an RMS amplitude of 0.01 V. 
Preparation process: 
Wire/Paste/Infiltration 
 Performance  
 
(A1) Silver/Silver/--- 
 
 
xlvii For performance comparison with Batch 4 fibres in Section 7.1, the Batch 5 fibres had ca. 34 (± 1) μm thick 
electrolytes and an inner electrode thickness of 220 (± 10) μm, with finger-like voids extending 46 (±2) % into 
the microstructure. The latter value was slightly higher than for Batch 4 and was a result of a higher internal 
coagulant flow [323], deliberately chosen such that a more porous structure was achieved for potential co-
catalyst impregnation.  
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(A2) Nickel/Silver/--- 
 
 
 
(B) Nickel/---/--- 
 
 
 
(C) Nickel/Nickel/--- 
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(D1) Nickel/---/Nickel 
 
 
 
(D2) Nickel/---/Copper 
 
 
 
The general performance trends are summarized in Figure 7-26 and Figure 7-31 for the ohmic 
and electrode area specific resistance, respectively. Performance data were averaged over 3-5 
cells of each preparation method. 
7.2.2. Effect on ohmic area specific resistance 
The silver wire resulted in the lowest ohmic area specific resistance (ASR), whereas all 
nickel-wire-based collectors resulted in similar ohmic ASRs within experimental errors. 
Furthermore, the distribution in ohmic ASR for the nickel-wire-based connection techniques 
was larger than for the silver counterparts. Notably, neither silver nor nickel paste decreased 
the ohmic losses for the nickel wire, in contrast to observed positive behaviour of silver paste 
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for silver wire.xlviii Also, infiltration was largely ineffective in decreasing ohmic potential 
losses. 
 
Figure 7-26:  Effect of temperature and current collector materials on ohmic area specific resistances 
(ASRs) between 700-800°C averaged over 3-5 cells. Electrochemical impedance spectra were 
determined at UOCPD.  
The variation in ohmic ASR (silver or nickel wire) can be explained by comparing the 
individual contributions of the ohmic potential loss calculation, as outlined in Equation (7-4) 
to (7-6) in Section 7.1.2.1. This was extended to calculate the resistances of the inner lumen 
current collector separately for a coiled nickel wire (category B) or the twisted silver wire plus 
wool and silver paste (category A1), according to Equation (7-22) in which the correction 
factor is the length correction factor. For example, the nickel wire was coiled and 10 mm 
effective length were made up from 17.2 mm total wire, so the correction factor would be 
1.72. The results for the exemplar reactors (cf. Table 7-5) are shown in Figure 7-27.  
 -1/ Ω m
σ
−= de coiled lengthcoiled metal wire
metal wire metal wire
correction factor
R
A
 (7-22) 
xlviii Silver wire without paste and wool produced very unstable connections in preliminary experiments. 
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The contact losses were decreased for the type B reactor; however, the overall loss increased 
due to the lower electrical conductivity of nickel (2.13 (2.27) × 106 S m-1) compared to silver 
(1.39 (1.56) × 107 S m-1) at 800 (700) °C [94, 351]. As only the inner lumen current collector 
was changed, i.e. identical current collector design on the LSM-YSZ|LSM electrode, the 
decrease in contact loss must have been associated with the inner electrode. Hence, the 
residual contact potential loss was possibly due to the outer electrode, especially as the 
application of silver paste, nickel paste or metallic infiltrates on the inner lumen had little 
effect on the ohmic ASR, which otherwise would have facilitated improved contact. 
 
Figure 7-27:  Ohmic area specific resistance contribution for exemplar type A1 and type B reactors, with 
 or  displaying the effect of additional 10 mm Ni LCC (un-coiled ~ 17.2 mm) or 100 
mm Ag wire xlix, respectively. Note: LCC stands for lumen current collector: silver wire, 
wool plus paste (A1) or nickel wire (B). The *-version of the nickel wire current collector 
shows the contribution of the current collector, if no current was transported axially through 
the Ni-YSZ lumen.  
The reason for the slight decrease in contact potential loss was due to better mechanical 
xlix The additional 100 mm silver wire correspond to an area specific resistance of ca. 0.026-0.041 Ω cm2 (within 
the furnace) and 0.013-0.021 Ω cm2 (outside the furnace) at 800 °C operating temperature. Similar values were 
confirmed experimentally using electrical impedance spectroscopy for different length of silver wires.  
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contact of the nickel wire within the cell. Nickel has a higher elastic modulus [360], ca. 16400 
(17150) kg mm-2 at 800 (700) °C, i.e. a higher rigidity, compared to silver (ca. 5250-4750 kg 
mm-2 at 700-800 °C). Consequently, the nickel wires held their coiled shape when inserted 
into the lumen of the fibre and pressed better against the electrode walls. Thus, a better 
mechanical contact resulted in the decrease in contact potential loss.  
However, the low nickel conductivity was in part circumvented by current passing through 
the electrode structure, i.e. a combined current collector of Ni-YSZ and Ni wire. Thus, at the 
first good contact point, the current transferred from the nickel wire to the Ni-YSZ electrode 
structure due to its axial cross-sectional area being larger than the Ni wire. This was 
calculated based on the assumption that all NiO-YSZ was well reduced to active Ni-YSZ. The 
ohmic ASR contribution of the nickel wire current collector, if no current was transferred 
through the Ni-YSZ lumen, was included for reference, marked with * and calculated using 
Equation (7-23). Note: this ‘current leaking’ into the Ni-YSZ electrode was not the case for 
the Ag wire current collector, most current still passed through the wire due to the higher 
resistance of the Ni-YSZ electrode compared to that of the silver wire; i.e. 9.4 (8.3) compared 
to 0.73 (0.65) Ω m-1 at 800 (700) °C for axial Ni-YSZ or twisted silver wire, respectively. 
Small variations within the wire length of silver were negligible.  
 -1 1/ Ω m
σ σ
−
+
− − −
= +de coiled lengthmetal wire axial electrode
metal wire metal wire Ni YSZ cross section Ni YSZ
correction factor
R
A A
 (7-23) 
However, additional coils of nickel wire on the entrance to the structure and length variations 
within the exact fibre length had a drastic effect on the ohmic ASR; hence, as shown in Figure 
7-26, a larger spread was measured for current collectors containing nickel wire. Thus, a more 
careful design approach has to be taken when working with nickel wire compared with silver 
wire. Possible improvements could be: 
• Add a porous current collection layer into the inner lumen; i.e. transport through a 
more conductive layer than the Ni-YSZ [237]. 
• Extend the silver wire bridge further into the reactor; i.e. transfer the current via the Ni 
current connector only at the active electrode length to avoid resistive transport 
through Ni-YSZ electrode and Ni wire (Figure 7-28). 
• Replace the nickel wire with a material which has similar rigidity to nickel, but similar 
conductivity to silver; i.e. good mechanical contact, but current is transported through 
highly conductive wire rather than the Ni-YSZ structure. This might result in current 
passing out at multiple contact points within the actual electrode structure, further 
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reducing contact losses. Note: if no improvement in contact losses is depicted, all 
remaining contact losses are due to poor contact at the LSM-YSZ|YSZ electrode. 
• Feed current through both ends of the fibre, less axial loss variation. 
( ) ( ) ( )
2
22 4YSZ g LSMO O e
− −→ +Porous La0.8Sr0.2MnO3-δ Anode
Porous Ni-YSZ cathode 
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Figure 7-28:  Extended silver bridge for Ni-wire current collector; cf. Table 5-1. 
According to Figure 7-29, copper could be a possible candidate as the electrical conductivity 
is almost as high as silver and the elastic modulus is in those of between silver and nickel.  
 
Figure 7-29:  (A) Electrical conductivity (filled) and (B) Elasticity modulus (unfilled) dependence on 
temperature for copper (◊) , nickel (●○) and silver (■□) [94, 351, 361, 360, 362]. 
However, as eluded to previously, the residual ‘contact’ losses were most likely associated 
with the anode current collection. Applying Equation (7-23) to the LSM-YSZ anode, revealed 
that, while the radial loss of the LSM-YSZ electrode was small, an axial resistance of 0.130 
(0.138) Ω cm2 would occur for 0.5 mm axial transport. Thus, if the wires do not connect well 
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with the LSM|LSM-YSZ electrode, large axial losses will occur. The presently employed 
outer current collection technique is presented schematically in Figure 7-30. Only a small 
silver bridge was used to distribute the current, while avoiding any mass transport blockage 
effects. The application of a 1 μm thick silver layer would reduce possible axial losses by two 
orders of magnitude and also decrease current collection / distribution inhomogenities, which 
would decrease current density variation within the fibre. However, covering the entire 
electrode surface with paste needs to be examined carefully to avoid any implications on the 
electrode performance, as has been observed for the cathode. Preliminary modelling studies 
by Serincan indicated that mass transport will not be a concern [238]. This could be valid, as 
O2 is lighter and smaller than CO2; hence has a higher diffusion. Moreover, the gaseous 
production of O2 could increase the pressure within the electrode structure (no reactant 
inflow); thus, product out-diffusion would be more facile than the reactant-product diffusion 
at the fuel electrode. Experiments with surface application of conductive paste on tubular 
reactors to increase the connection on the oxygen electrode have also been reported, albeit the 
extent of coverage has not been discussed [80, 105, 177, 348]. Furthermore, the long-term 
stability under cathodic operation has to be investigatedl, as delamination of the current 
collector layer could degrade cell performance. 
Silver paste 
as ‘bridge’
LSM|LSM-YSZ YSZ
Ni-YSZ
Silver wire
axial current flow  
Figure 7-30:  Schematic of outer current collection using silver wire and paste. 
Proper design of current collection / distribution is important as inhomogenous distribution 
l De Silva et al. [447] studied the effect of Ag current collector for SOFCs over 200 hours. However, both cells, 
the Ag current collector and a nickel current collector control degraded substantially over the duration of testing, 
so assigning individual contributions was difficult. Some silver migration into the electrode has been detected.  
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(e.g. due to axial losses but also associated with the nature a spiral current collector with 
limited contact points) will cause inhomogenous current distribution, which will affect overall 
performance and might cause accelerated degradation.  
7.2.3. Effect on electrode area specific resistance 
Contrastingly, the variation in the electrode area specific resistance was more pronounced as 
reflected in Figure 7-31. The smallest variation was in the nickel wire only, closely followed 
by the nickel paste. Infiltration resulted in a large spread and increased electrode area specific 
resistance, especially at low temperatures. The silver paste performed worst at all 
temperatures. Thus, the fibres can be classed into four categories of current collector 
materials: silver paste (A), nickel wire only (B), nickel paste (C) and infiltration (D). 
 
Figure 7-31:  Effects of current collector materials and temperature on electrode area specific resistance 
averaged over 3-5 cells. Electrochemical impedance spectra were determined at UOCPD.  
Derivatives of the current density - cell potential difference relationships presented in Table 
7-5, are shown in Table 7-6, outlining the area specific resistance variation with applied 
potential differences. Two variations could be detected. Firstly, the shape of the curves 
differed with silver-containing reactors (category (A)), displaying an ASR peak between 
UOCPD and UTNPD, whereas no peaks were evident for category (B)-(D).   
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Table 7-6:  Total area specific variation with cell potential difference and temperature. 
Category Area specific resistance variation Comments 
(A) silver paste 
(Ni or Ag wire) 
 
• CO2/CO ratio variation 
due to conversion: 90/10 
to 82/18. 
• ASR peak around 1.1 V 
between UOCPD and 
UTNPD. 
(B) nickel wire 
only 
 
• CO2/CO ratio variation 
due to conversion: 90/10 
to 78/22. 
• No ASR peaks detected. 
(C) nickel paste 
(Ni wire) 
 
• CO2/CO ratio variation 
due to conversion: 90/10 
to 81/19. 
• No ASR peaks detected. 
(D) infiltration 
(Ni wire) 
 
• CO2/CO ratio variation 
due to conversion: 90/10 
to 79/21. 
• No ASR peaks detected. 
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Secondly, the relative magnitudes of the ASR, i.e. despite categories (B)-(D) displaying 
similar shapes, the ASR variation at low applied potential differences / low temperatures were 
greater for (D) despite eventually converging to similarly low values. 
7.2.3.1 Effect of infiltration on Ni-YSZ electrode performance 
The issue of relative magnitudes will be addressed first. As shown in Figure 7-26, the 
infiltrated copper and nickel (1.5 and 1.8 mg cm-2) showed no effect of improving contact 
between the current collector and inner lumen. However, a second reason to infiltrate the 
copper(II) into the electrode was to act as a co-catalyst; nickel(II) was infiltrated as a 
reference, i.e. to determine if the process of infiltration (e.g. more electronic conductive 
material) or the element (copper or nickel) was the important factor. Unfortunately, Figure 
7-31 showed that infiltration decreased electrode performance due to increased electrode 
polarization regardless of material at UOCPD.  
 
Figure 7-32:  Effect of current collector material on electrode polarization between 700-800 °C averaged 
over 3-4 cells. Electrochemical impedance spectra were obtained at 1.5 V.  
However, at an applied cell potential difference of about 1.5 V, close to the UTNPD for CO2 
splitting, there was no difference between infiltrated and non-infiltrated samples (Figure 
7-32). Similar performance was also measured for higher operating temperatures. Thus, 
applied cell potential difference and higher temperatures activated the electrodes. This might 
have been due to incomplete reduction of the electrode due to metal oxide initially covering 
the surface, slowing down the overall NiO reduction process. During electrolysis, the 
reduction was then completed electrochemically [363].  
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Figure 7-33:  Scanning electron microscopy of  impregnated Ni-YSZ electrode (post-operation) with (A) 
individual spectra using EDS, (B)/(C) magnified images of surface deposited copper at fibre 
cross-section, (D) surface of inner electrode with (E) showing elemental maps of magnified 
surface section. Note: the brightness of the elemental maps in (E) was increased by 50%.  
Figure 7-33 (A) and Table 7-7 outline the elemental composition within the electrode, 
showing that copper did not penetrate far into the electrode structure and was deposited 
mainly on the surface, as shown in (B) and (C). (D) and (E) confirm this to be a general 
phenomenon, with copper agglomerates being evenly distributed along the surface. 
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Table 7-7:  Elemental compositions of Cu(II) impregnated Ni-YSZ electrode along fibre cross-section 
(Figure 7-33). 
 Elemental composition / wt% 
1 2 3 4 5 6 7 8 9 10 11 12 
Cu 72.1 1.0 0.9 1.6 3.9 27.1 2.2 1.6 2.9 2.0 1.5 - 
Ni 10.9 6.3 25.6 59.7 72.1 22.6 92.9 11.7 84.5 91.6 77.8 36.4 
YSZ 17.0 92.7 73.4 38.7 24.0 50.4 4.9 86.7 12.7 6.4 20.7 63.6 
 
As shown in Figure 7-33 B, the infiltrated particles were on the surface, so potentially 
blocking entrance pores, increasing resistance for gas transport in and out of the electrode. 
However, during reduction (chemical or electrochemical) the contact area between metal 
oxide and substrate decreased [363] (Figure 7-34). The contact angles of copper on YSZ and 
NiO are 119.7 and 78.7°, respectively [364], while the contact angle of Ni on YSZ is 117° 
[365]. Besides activating the entire anode structure, the reduction and decrease in contact area 
also decreased any surface pore blockage, which might have been introduced as a result of 
depositing infiltrate onto the inner  lumen gas | electrode interface. 
reduction 
• Decrease in size during MeOx to Me reduction
• Contact area decreases
 
Figure 7-34:  Structure change during MeOx to elemental Me, with Me = Cu, Ni. 
7.2.3.2 Effect of nickel paste on Ni-YSZ electrode performance 
The nickel paste (category (C)) behaved similarly. However, the method of its application was 
slightly different, as the paste was spread into the lumen mixed with terpineol ink vehicle and 
heated to the operating temperature immediately afterwards in an inert atmosphere; i.e. no 
repetitive heating where (partial) sintering would have been facilitated. Also, the amount of 
re-oxidation of the nickel metal was smaller compared to the infiltrated metals being present 
initially as oxides. Thus, wetting was always relatively poor as shown in Figure 7-35, 
displaying a visibly high contact angle. Hence, the nickel paste had neither a positive nor a 
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negative effect on electrode performance.    
       
θ ~ 117 ° 
 
Figure 7-35:  Scanning electron microscopy of nickel paste applied to the inner lumen of the Ni-YSZ 
electrode (post-operation) with (A) surface view and (B) cross-sectional view.  
7.2.3.3 Effect of silver paste on Ni-YSZ electrode performance 
Using silver wire as the current collector, the silver paste was used to enhance the contact 
between collector wire and electrode surfaceli. This paste was no longer required for nickel-
wire-based current collectors as discussed in Section 7.2.2. Moreover, the silver on the 
electrode surface had a negative impact on the electrode polarization due to surface pore 
blocking). In contrast to current collection using the impregnated copper(II) and nickel(II) or 
the nickel paste, performance was only slightly improved at elevated temperatures or applied 
cell potential differences.  
θ < 90 ° 
θ > 90 ° 
θ < 90 ° 
High wetting Intermediate wetting Low wetting
 
Figure 7-36:  Schematic of different contact angle for different degrees of wetting  
li Note that the first generation current collection with silver wire, wool and paste might lead to the conclusion 
that the reactant residence time was drastically decreased, so decreasing reactor performance. However, as silver 
paste in conjunction with nickel wire (no wool and single curled wire) showed the same behaviour, this cannot 
be (the only) reason of the decreased cell performance.  
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This can be explained by the difference in wetting angle (Figure 7-36), which has been 
reported to be 90° for silver [366]; thus, the silver wetted the oxide better than copper or 
nickel and consequently blocked more pores (Figure 7-37). The values were confirmed by 
scanning electron micrographs (Figure 7-38 A). Furthermore, some of the silver particles have 
been detected to sinter together locally to from sheets, so silver led to even further surface 
blockage (Figure 7-38 B). This severity of the effect of particle sintering was not detected for 
Cu or Ni infiltrates / pastes. 
θNiθAg
 
Figure 7-37:  Schematic of surface pore blockage caused by different extents of particle wetting. 
  
Figure 7-38:  SEM of silver paste applied to the inner lumen of the Ni-YSZ electrode (post-operation) with 
(A) contact angle and (B) ‘sintered’ silver sheets on the gas | electrode interface. 
Variations within the extent of performance loss were related to silver coverage; i.e. more 
silver paste was deliberately applied to category A2 versus A1 cells to study the effect. The 
particle size within the paste was  confirmed to be 5-8 μm [367], thus nano-particle diffusion 
due to high mobility of silver [368] into the bulk is unlikely, and no silver was found within 
the bulk electrode compared to ca. 1-2% of copper (cf. Table 7-8 (based on Figure 7-39) vs. 
Table 7-7). No performance enhancement was detected in this case by changing intrinsic 
electrode kinetics due to silver diffusion into the structure as reported by Gong et al. [369], 
but could be explained by the difference in electrode thicknesses of ca. 30 versus 220 μm.  
θAg 
(A) 
(B) 
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Table 7-8:  Elemental compositions of silver paste coated Ni-YSZ electrode along fibre cross-section 
(Figure 7-39). 
 Elemental composition / wt% 
1 2 3 4 5 6 7 8 9 10 11 12 
Ag 94.2 - - - - - 96.1 - - - - - 
Ni 3.0 9.0 79.7 93.6 91.7 29.2 2.5 80.4 29.9 98.6 100 100 
YSZ 2.8 91.0 20.3 6.4 8.3 70.8 1.5 19.6 70.1 1.4 - - 
 
 
Figure 7-39:  Scanning electron microscopy of (post-operation) Ni-YSZ electrode with silver paste current 
collector (A) individual spectra using EDS, (B)/(C) magnified images of surface silver at fibre 
cross-section.  
The blockage could explain the overall worse performance as a result of mass transport 
limitations. However, there were further differences in cell behaviour, which might explain 
variation in cell performances. Comparing the effect of electrode polarization using Table 7-6, 
the ASR peak behaviour discussed in Section 7.1.2.1 was evident only for the silver current 
collectors and not for the nickel wires.  
The ‘peak’ behaviour in ASR during SOE operation has been reported previously by Yan et 
al. [352]. Using the ‘distribution of relaxation times’ method, five de-convoluted peaks were 
evident, with an increase at ca. 4 kHz assigned to ionic transport and an increase at ca. 600 Hz 
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corresponding to charge transfer under cathodic polarization. These changes and the overall 
‘peak’ shape of the U-j relationship were attributed to a decrease in cell temperature, 
increasing the possibility of carbon deposition; so deactivating active catalytic sites. However, 
this cannot be a valid explanation for the cells reported here, as both cells would have 
undergone cooling and heating. Moreover, comparing the actual heat fluxes calculated from 
the reaction heat flux (Equation (7-24)) and the ohmic Joule heating (Equation (7-25)), a 
higher ‘cooling’ heat flux is expected for increased temperatures or enhanced performance 
(nickel wire). Thus, temperature variations within the electrode could not have been the cause 
for the variation in ASR. 
 ( )= −reaction TNPD OCPDq j U U  (7-24) 
 ( )2= = −ohmic OCPDq j ASR j U U  (7-25) 
 
Figure 7-40:  Effect of cell potential difference and temperature on total heat flux for (A) Ni wire + Ag 
paste and (B) Ni wire only. 
In order to identify, which processes might have caused this shift in ASR, impedance spectra 
for category (A) and (B) cells (Table 7-9) were compared. 
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 Table 7-9:  Effect of applied cell potential difference on electrical impedance spectra at 700-800 °C with filled circles indicating a frequency decade. Note: EIS was 
recorded over a frequency range of 105-0.1 Hz with an RMS amplitude of 0.01 V. 
Category 700 °C 800 °C 
(A) silver 
paste 
  
(B) nickel 
wire only 
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 Table 7-10:  Electrode area specific resistance contributions reported within the literature 
Reference Cell system studied Low frequency Intermediate frequency High frequency Comments 
Gewies and 
Bessler [331] 
Symmetric cell: 
Ni-YSZ (30 μm) 
Ni-mesh (350 μm)  
ca. 6 Hz 
Gas conversion 
ca. 1kHz 
Gas diffusion in cermet and contact 
mesh (microstructure dependent) 
ca. 500 Hz to 20kHz 
Electrochemistry (e.g. charge transfer 
reactions) at TPB (spatially dependent) 
H2O/H2 
Primdahl and 
Mogensen [95] 
Cell with Pt reference and 
counter electrodes:  
Ni-YSZ (5-250 μm) 
 
ca. 1 Hz  
Gas sensitive 
 
ca. 100 Hz 
Gas sensitive 
Current collector sensitive 
Limited effect of structure 
ca. 10 kHz 
Gas insensitive 
Structurally dependent 
Charge transfer 
H2O/H2 
SOFC 
Jensen et al. [334] Full cell: 
Ni-YSZ (300+10 μm)  
LSM-YSZ (20 μm)  
 
< 10 Hz 
Gas diffusion  
ca.  80 Hz 
Gas diffusion (Ni-YSZ) 
ca. 300 Hz 
Gas-solid reaction, e.g. adsorption 
(LSM-YSZ) 
ca.  2 kHz 
Gas-solid reaction (Ni-YSZ) 
ca. 10 kHz 
Solid-solid reaction (LSM-YSZ) 
H2O/H2 
SOFC 
Shin et al. [370] Full cell: 
Ni-YSZ (electrode 
supported)  
LSM-YSZ (25 μm) 
ca. 1-10 Hz 
Gas-diffusion 
(Ni-YSZ)  
ca. 100-1000 Hz 
Diffusion and reaction (LSM-YSZ) 
ca. 10-100 kHz 
Charge-transfer (Ni-YSZ) 
 
H2O/H2 
SOE 
Ebbesen and 
Mogensen [139] 
Full cell: 
Ni-YSZ (300+10 μm)  
LSM-YSZ (15-20 μm)  
 
ca. 1.2 Hz 
Gas conversion/ 
diffusion 
ca. 80-180 Hz 
Passivation with time (possibly 
diffusion) 
ca.  2.6 kHz 
Gas-solid (e.g. adsorption, dissociation, 
desorption) 
Solid-solid (e.g. surface diffusion, oxygen 
transfer) 
CO2/CO 
SOE 
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However, the impedance spectra were determined for the full cell, so deconvoluting 
individual cathode and anode processes was difficult, but in principle would have been 
facilitated by a reference electrode. Unfortunately, for a circular geometry, thin electrolyte 
and electrode-supported systems reference electrode measurements would likely lead to 
erroneous results [371]. Although distribution of relaxation times (DRT) calculations were 
applied recently to full micro-tubular SOFCs deconvoluting up to 5 peaks, exact assignment 
of peaks was still difficult [372].  Assignment of electrode processes to individual frequencies 
using reference electrode measurements for similar cells can be found in the literature and are 
summarized in Table 7-10 to provide guidance in assigning impedance variations at specific 
frequencies to the different electrode processes. 
To visualize the effect of applied cell potential differences, analysis of difference in 
impedance spectra (ADIS) was used according to Equation (7-26) following the method 
outlined by Jensen et al. [334] discussed in Section 5.3.5.1. For Ni wire only current collector, 
the results are shown in Figure 7-41. 
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For the current collector using Ni wire only, three processes varied with the applied potential; 
at 700 °C the intermediate frequency peak seemed to overlap with the low frequency peak. 
Also, the peak frequencies shifted slightly with temperature. The high frequency peak (ca. 10 
kHz), annotated (III), can be associated with charge-transfer processes. However, the 
activation polarization resistance (III) should decrease with increasing applied cell potential 
difference (for an ideal one-electron process). The reverse trend might be a result of the 
increasing CO coverage with conversion (Figure 7-42); i.e. faster kinetics per triple phase 
boundary were offset by a decrease in triple phase boundaries due to CO surface blockage. 
Furthermore, as the reaction involves two one-electron reaction steps, the reaction 
intermediate might also build up with applied potential difference. Elemental modelling of all 
adsorbed surface species (e.g. surface adsorbates, reaction intermediates, etc.) would be 
required to fully quantify the effect of applied potential on the reaction kinetics.   
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Figure 7-41:  Effect of cell potential difference on ∆Ż’ in electrolyser mode for current collector employing 
a Ni wire for: (A) 700°C and (B) 800 °C. 
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Figure 7-42:  Effect of temperature and CO/CO2 ratio on CO surface coverage (equations for modelling of 
surface coverages will be outlined in Section 8.3). 
At ca. 10-100 Hz, a negative peak increased in magnitude with applied cell potential 
difference (I). These frequencies correspond to gas diffusion effects at the Ni-YSZ electrode, 
but such diffusion processes would be expected to be independent of polarization. A possible 
explanation is that the electrode structure was not fully reduced, although the cell had been 
exposed to a reducing atmosphere at 800 °C for over 6 hours. Thus, it would be surprising 
that the electrode was still being reduced. 
However, as shown in Section 7.1.2.3, switching between SOFC and SOE mode resulted in 
an activation period being required. The UOCPD measurement presented were taken after 
dynamic SOE-SOFC cycling; thus, the constant current experiments could have re-activated 
the structure, if its SOE performance potential was affected by SOFC mode exposure. The 
extent of potential dependence of (I) varied between cells depending on the extent of SOFC 
mode exposure.  
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Figure 7-43:  ∆Ż’ at open circuit potential difference for three repetitions with cells at 800 °C containing 
current collector using Ni wire only changing from 90/10 to 70/30 CO2/CO . 
Note: a similar effect at low frequencies has been observed as an effect of gas composition. 
Changing the gas concentration from 90/10 to 70/30 CO2/CO at open circuit potential 
difference, ADIS revealed changes around 20 Hz, as shown in Figure 7-43.  This occurred at a 
similar frequency as the peak with applied cell potential difference (I), providing further 
evidence that this peak could be associated with a process related to the gas composition at 
the cathode. Noticeably, the change in gas concentration reported in Figure 7-43 also showed 
a decrease in area specific resistance for an increase in CO to CO2 ratio; i.e. more ‘chemical 
reductive power’ to re-activate the Ni electrode and to stabilize the cell at UOCPD conditions. 
Lower dynamic area specific resistance was also obtained for 70/30 CO2/CO fraction (Figure 
7-44). 
At applied overpotentials, CO would be produced; therefore, in addition to electrochemical 
reduction, a higher CO partial pressure would help stabilize the cell. However, to investigate 
this further, higher CO to CO2 ratios or high CO2 conversion would need to be investigated to 
see if the frequency peak would be reversed in the positive direction, i.e. increased 
polarization compared to base-case, as has been shown by Yue and Irvine [168]. Similar 
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effects have been reported for other electrode materials such as CGOlii. 
 
Figure 7-44:  Effect of gas composition and cell potential difference on ‘dynamic’ area specific resistance 
at 800 °C (for a nickel wire + nickel infiltrate current collector).  
Similar observations of decreasing polarization with increased cell potential difference have 
been reported [370, 129], focusing on the oxygen electrode in the 100-1000 Hz frequency 
range and attributed to the activation of the LSM electrode, which was reversed at open 
circuit potential difference conditions or cathodic polarization (fuel cell mode). The proposed 
mechanism according to Liang et al. [129] is: 
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lii For other materials dissociative adsorption and surface diffusion as a consequence of cathodic polarization 
enhancing the active electrode functional layer [168] has been proposed, i.e. the processes at these lower 
intermediate frequencies were gas-solid processes, rather than gas diffusion related. However, the properties of 
these materials (e.g. CGO), which allows the formation of a reduced species, was different from Ni, so these 
similar observations might not be transferable. 
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This behaviour was also evident for cells with a current collector using Ni wire alone, though 
peaks (I) and (II) eventually merged into one broad overlapping peak; exact frequencies for 
assigning gas diffusion peaks for Ni-YSZ may vary [373], depending e.g. on the capacitance 
contribution.  
 
 
Figure 7-45:  Effect of total cell potential difference on ∆Ż’ in electrolyser mode for Ni wire plus Ag paste 
current collector for (A) 700°C and (B) 800 °C. 
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Figure 7-45 shows the ADIS results for a Ni wire with Ag paste current collector. Firstly, the 
changes were of much larger magnitude than for the Ni wire alone, so the high frequency 
dependence on cell potential difference was lost in the overall noise. Moreover, overall 
current densities were lower, so resistance changes due to charge transfer should have been 
lower than for the Ni wire cells. As silver was detected only at the external gas | electrode 
interface and not near the active electrode | electrolyte interface, any catalytic effect of silver 
on charge transfer processes was assumed to be minimal. 
Analysing the intermediate and low-frequencies (Figure 7-45), an initial increase in 
polarization at ca. 10 Hz was evident, while simultaneously, a negative peak (decreasing 
polarization) was measured at ca. 10-100 Hz. The positive low frequency difference was not 
detected in the case of Ni wire alone, so it must have been a consequence of the silver paste 
and attributed with a cathode process and probably related to gas diffusional processes, 
because of the low frequencies. A hypothesis was, that the silver paste blocked the surface, 
decreasing gas transport rates during SOE operation. Thermal coarsening of silver on YSZ 
[374] and electrochemical Ostwald Ripening for colloidal Ag particles [375] (albeit on a 
different substrate and in water) has been reported; thus, at high applied potentials, this could 
also be applicable, which would explain the apparent decrease in total surface blockage. At 
the same time, electrowetting of a liquid on a silverliii electrode has been reported with 
increasing potential [376]. Hence, it might be hypothesised, that there could also be an 
electrowetting surface interaction between the two solids (YSZ-Ni electrode and silver), 
accounting for both surface tension and surface stresses [377]. Thus, a combination of both 
effects, electrowetting and thermal coarsening of the surface silver, was most likely 
responsible for the change in surface blockage and the initial mass transport resistance (Figure 
7-46).  
liii The observed capillary rise (corresponding to a decrease in contact angle and increase in wettability) with 
increasingly negative polarization actually passed through a local maximum and minimum (point of zero charge)  
before the global maxium. However, this point of zero charge was depending on the substrate and contacting 
liquid. 
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OCV 1.1 V 1.7 V
no net gas-flow CO2 flow hindered by Ag Pore entrance blockage reduces
Hypothesis: with increasing cell potential difference (U), the surface blockage passes through a 
maximum as a result of electrowetting and Ag coarsening.
increasing U
 
Figure 7-46:  Effect of potential difference on silver on the inner lumen cathode surface. 
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Figure 7-47:  Scanning electron microscopy images of (A1/A2) Ni(O)-YSZ electrode cross section with 
(B1/B2) magnified image of the inner lumen edge and (C1/C2) showing the surface structure 
of the inner Ni(O)-YSZ lumen of the hollow fibre. Note: 1 corresponds to the un-reduced 
fibre and 2 to a fibre post-operation. 
(A1) 
(B1) 
(A2) 
(C1) 
(B2) 
(C2) 
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7.2.3.4 Digression: Why metal co-catalyst infiltration into the electrode was ineffective. 
The SEM images shown in Figure 7-47 of the Ni(O)-YSZ electrode structure before and after 
reduction, may explain why the infiltrated metals did not reach the electrochemically active 
zone ca. 20-50 μm from the electrode | electrolyte interface depending on microstructure and 
operating temperature in the range of 700-1000 °C [95, 96]. The un-reduced fibre had no 
visible pores on the inner lumen surface, so any deposited material could be found only on the 
surface and did not penetrate into the electrode structure. This was confirmed by mercury 
porosimetry measurement results reported in Figure 7-48. Prior to reduction, only pores at ca. 
450 nm were accessible, whereas reduction intrusion peaks around 30, 250 and 550 nm were 
detected. Even if more sophisticated impregnation techniques using surfactants and increasing 
the capillary forces by vacuum infiltration [101] were to be employed, the un-reduced starting 
microstructure would have always hindered penetration.  
 
Figure 7-48:  Pore size distribution within the hollow fibre (Batch 5) before and after reduction 
The infiltration might have been more successful into pre-reduced fibres, but this was not an 
available option for the Ni-YSZ|YSZ-LSM-YSZ|LSM fibres. Firstly, multiple infiltrations 
would still have been required to achieve a desired loading. Each infiltration step required 
heat treatment, which would have facilitated re-oxidation of the Ni electrode structure; thus, 
multiple cycles of reduction-infiltration-heating would have been required which could have 
had a negative effect on cell integrityliv.  
liv The repetitive impregnation-heating cycle into un-reduced fibres had no significant effect on the hollow fibre 
reactor. Cell parameters such as mechanical strength and gas permeability were very similar for the different cell 
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Secondly, reduction of the full cell was precluded, as LSM would also be reduced in a 
hydrogen atmosphere [378]. Thus, the application of the LSM-YSZ|LSM electrode would be 
required to be the last fabrication and sintering step, requiring a sintering temperature of 1100 
°C. Copper oxide has a melting temperature of 1227 and 1244 °C for CuO and Cu2O, 
respectively [111], so theoretically this preparation route should be possible. This is supported 
by the phase-diagram (Figure 7-49) of the CuO-Cu2O-ZrO2 system [112], which shows an 
upper temperature limit of 1130 °C. However, preliminary sintering results of CuO-YSZ paste 
on YSZ showed evidence of solid state reactions between the YSZ and the copper oxide [379] 
probably forming copper zirconates. Hence, sintering of the outer electrode as the last step 
would also not have been an option, as the infiltrated copper could diffuse into and react with 
the YSZ electrode, so infiltration into reduced fibres would not have been possible. If the 
infiltration route is to be pursued further, the fibre morphology has to be changed in order to 
have a more scaffold-like structure to infiltrate into the electrochemically active area at the 
electrode/electrolyte interface; this has been reported in a proof-of-concept by Meng et al. 
[380] for infiltrating Ni into YSZ|YSZ hollow fibre precursor.  
 
Figure 7-49:  (A) Phase diagram of the CuO-Cu2O-ZrO2 system (Republished with permission of Maney 
Publishing, from [112]; permission conveyed through Copyright Clearance Center, Inc.) and 
(B) solid state reaction between copper oxide and YSZ  at 1050 and 1100 °C [379]. 
preparation techniques. Gas permeability was measured to be 1.82 (± 1.37), 2.10 (± 2.58), 0.836 (± 0.347) × 10-9 
mol m-2 s-1 Pa-1 for un-infiltrated, copper (II) and nickel (II), respectively. Bending strengths of 156 (± 17), 181 
(± 22), 175 (± 32) MPa were measured. 
(B) Sintering temperature: 
1050 °C      1100 °C 
(A) 
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7.3. Improving the performance by inclusion of catalyst during fabrication 
An alternative method to infiltration for introducing a co-catalyst into the electrode structure 
would be during the co-extrusion fibre fabrication. However, the drawback of this method is 
that the list of possible dopants was limited due to the high sintering temperature, causing 
melting or solid state reactions. The role of the co-catalyst was to increase the intrinsic 
electrode kinetics or act against carbon deposition. Various candidates are listed in Table 7-11 
with regard to their high temperature sintering compatibility; initial selection was based on 
suitable materials identified within Section 3.1.3 of the literature review. 
Table 7-11:  Melting points [111] and high temperature sintering compatibility of various metal (oxides)lv.  
Metal Melting point / °C Comments  
Nickel NiO: 1957 
Ni: 1455 
High temperature sintering is possible, no reported solid state 
reactions [98].  
Copper Cu2O: 1244 
CuO: 1227 
Cu: 1084.62  
Melting and severe solid state reactions observed (e.g. 
copper zirconates), as discussed in Section 7.2.3.4.  
Tin SnO2: 1630 
SnO: 1080 (dec.) 
Sn: 231.928 
High temperature miscibility of up to 10 mol% SnO2 in YSZ 
at 1500 °C has been reported [381]. However, for a Sn-Ni-
YSZ alloy, it has been found that at low Sn loadings the 
thermodynamically preferred arrangement is a Sn-Ni surface 
alloy [158]. 
 
Ruthenium  
 
RuO2: 1300 (dec.) 
Ru: 2333  
Experimentally, no solid state reaction between RuO2 and 8-
YSZ has been detected below the decomposition temperature 
[382]. Theoretical calculations extended the temperature 
range, predicting Ru metallic phase and ZrIV-rich solid state 
solution [383]. However, a similar behaviour of Ru on Ni, as 
for Sn-Ni seems likely. Furthermore, sintering temperatures 
of 1400 °C for successful preparation of doped Ru-Ni-YSZ 
electrodes have been reported [156]. 
 
Iron 
 
Fe3O4: 1597 
Fe2O3: 1539 
(FeO: 1377) 
Fe: 1538 
Mainly immiscible [384].  
Silver Ag: 961.78 Melting point too low.  
Gold Au: 1064.18 Melting point too low.  
Platinum Pt: 1768.2 High temperature sintering possible, but expensive to 
incorporate Pt into the entire Ni-YSZ structure  
lv Note: the metals Ni, Cu, Sn, Ru and Fe would re-oxidise during sintering, so their oxide precursors were 
considered for inclusion within the hollow fibre production. 
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Tin dioxide was chosen as precursor catalyst to study its general performance and 
effectiveness against carbon depositionlvi at a loading of 1 wt% with respect to NiO. Figure 
7-50 shows the general performance (Batch 6 fibreslvii) with temperature. This performance is 
comparable to cells with un-doped nickel in Batch 5 (Section 7.2), as show in Figure 7-51, 
comparing the electrode polarization and ohmic area-specific resistances for different fibre 
types. 
 
Figure 7-50:  Effects of applied current density and operating temperatures on cell potential difference at 
90/10 CO2/CO gas feed with ∆ (700 °C) and ○ (800 °C) (measured at constant potential 
difference).  
lvi Ruthenium would also be a valid candidate against carbon deposition, but if successful, tin dioxide would be 
more economically viable. 
lvii General Batch 6 fibre parameters: Fibres had electrolyte and electrode thicknesses of ca. 39 (± 11) and 180  
(± 10) μm, respectively. Fingers extended 43 (± 3) % into the electrode microstructure. Gas permeability was ca. 
5.3 (± 4.7) × 10-9 mol m-2 s-1 Pa-1 and the bending strength around 190 (± 25) MPa. 
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Figure 7-51:  Average ohmic or electrode area specific resistance (ASR), from electrical impedance spectra 
taken at UOCPD, for Sn-Ni-YSZ (Batch 6) and Ni-YSZ (Batch 5 – Ni wire only current 
collection) electrodes.  
However, as shown in Figure 7-52, a noticeable difference between the behaviour of Ni-YSZ 
and Sn-Ni-YSZ electrodes was evident from electrochemical impedance spectra taken at 
different cell potential differences. To visualize the changes, ADIS as outlined in Section 
7.2.3 was applied and the results are shown in Figure 7-53 and were compared to Figure 7-41. 
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Figure 7-52:  Effect of applied cell potential difference on impedance spectra for Sn-Ni-YSZ|YSZ|YSZ-
LSM|LSM solid oxide electrolyser: (A) 700 °C and (B) 800 °C. Note: EIS was recorded over 
a frequency range of 105-0.1 Hz with an RMS amplitude of 0.01 V. 
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Figure 7-53:  Effect of cell potential difference on ∆Ż’ in electrolyser mode for Sn-Ni-YSZ cathodes: (A) 
700°C and (B) 800 °C. 
Similarly to the Ni-YSZ electrode the Sn-Ni-YSZ electrode displayed a negative peak at low 
frequencies. However, the positive peak at high frequencies, associated with charge transfer 
on the cathode was much more pronounced, implying that the addition of tin dioxide to form 
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a bimetallic electrode had a negative effect on the cathode kinetics. Tin has been reported 
[161] to concentrate on the surface of nickel particles, decreasing the density of active sites for 
electrochemical reactions, which could explain the higher charge transfer resistance. Carbon 
formation could also explain the increase in polarization resistance; however analysis of the 
cathode off-gases confirmed a linear relationship between current density and CO production 
/ CO2 consumption rate with charge yields close to 100%; i.e. no detectable deviation at high 
potential differences due to: 
 22( ) ( ) ( )4 2gas solid YSZCO e C O
− −+ → +    (7-30) 
During reduction, tin dioxide was most likely reduced to metallic tin either chemically via 
hydrogen (Equation (7-31)) or electrochemically (Equation (7-32)). 
 2( / ) 2( ) ( ) 2 ( )6002 2
chemically
YSZ Ni gas Ni gasT CSnO H Sn H O> °+ → +  (7-31) 
 22( / ) ( ) ( )4 2
electrochemically
YSZ Ni Ni YSZSnO e Sn O
− −+ → +  (7-32) 
Pure tin has a melting point of 231.9 °C [111], but as it would have been formed at Ni|YSZ 
interfaces, it would probably have formed Ni-Sn alloy or intermetallic phases such as Ni3Sn 
[160] at temperatures < 900 °C, as shown in the Ni-Sn phase diagram (Figure 3-10 in Section 
3.1.3). However, some of the tin might have diffused within the structure, potentially blocking 
active catalytic surfaces. Overall tin loss from Sn-Ni-YSZ has also been reported [161]. 
Unfortunately, the low SnO2 loading meant that the total Sn wt% loading within the Sn(O2)-
Ni(O)-YSZ electrode was <1 wt%, which caused the energy dispersive spectroscopy results to 
be inconclusive for these reactors (Appendix N). However, because of the high yield, short-
circuiting by diffusion of electronic conductive tin into the YSZ electrolyte can be excluded. 
Furthermore, the transference number (Equation (7-33)), was similarly high (ca. 0.95) as for 
Batch 3-5 fibres, i.e. the deviation of the open circuit potential difference was likely to have 
been caused by a minor gas leakage across the membrane/sealant.  
 
−
−
∆
= =
∆
emf OCPD measured
theoretical OCPD predicted
E Utransference number
E U
  (7-33) 
As a fabrication proof-of-concept, the inclusion of tin as co-catalyst into the Ni-YSZ|YSZ 
structure via tin dioxide co-sintering was successful. However, longer duration experiments 
are required to prove the long-term stability and effectiveness of the Sn-Ni-YSZ electrode 
against carbon formation. 
  
 189 
Chapter 7: Results and discussion – CO2 electrolysis in micro-tubular electrolysers 
 
7.4. Chapter summary 
Micro-tubular electrolyser of the form Ni-YSZ|YSZ|YSZ-LSM|LSM were produced in only 
two main fabrication steps: co-extrusion phase inversion of NiO-YSZ|YSZ precursor and 
oxygen electrode coating (YSZ-LSM|LSM) with two (co-) sintering steps. Electrolyte 
thicknesses between 10-50 μm have been achieved. 
Cells tested with the first generation current collection (silver wire and paste) achieved current 
densities between -0.48 to -0.68 A cm-2 at 800 °C and 1.5 V, with increasing current densities 
for decreasing electrolyte thicknesses.  Cyclic operation (SOE and SOFC mode) was feasible 
with round-trip efficiencies of 72 and 32 % for ± |0.1| and ± |0.3| A cm-2, respectively. 
Variation of the current collector design from silver wire and paste to nickel wire only 
increased the overall performance by ca. 150-250 % (800-700 °C), by decreasing the 
electrode polarization by 77-79 % (800-700 °C). Higher electrode polarizations, induced by 
the silver paste, were most likely due to partial surface pore blockage, as suggested by 
microstructural analysis; hence, resulting in increasing gas diffusion resistances. For the best 
performing electrolysers (nickel wire only current collector design), the cell resistance was 
shifted to be dominated mainly by the ohmic area specific resistance (73-86 % of the total 
ASR). Of this ohmic resistance 34-39 % were feeding wire related, which needs to be 
addressed in stack design. 
Infiltration of the Ni-YSZ cathode was unsuccessful, as the infiltrate did not penetrate into the 
structure and different precursor fibre structures would be required. Inclusion of tin (oxide) 
into the Ni-YSZ cathode led to lower performances (on average ca. 13 % increase in electrode 
polarization), which can be associated to the formation of bimetallic tin-nickel phases 
decreasing the active catalyst sites, whereas the benefit of tin inclusion against carbon 
formation still needs to be assessed in long-term stability tests. 
  
 
 190 
 Chapter 8 
 
 
 
 
 
 
8. Results and discussion – Simultaneous CO2-H2O splitting 
 
Chapter summary 
This chapter compares the performance of H2O, CO2 and co-electrolysis including a 
comparison of two different cathode current collector designs. The role of the chemical 
(reverse) water-gas shift reaction in co-electrolysis will be discussed, encompassing gas 
adsorption modelling and analysing electrolysis with different oxygen isotopic labels for the 
reactant gases (C18O2 and H216O). 
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8.1. Thermodynamic comparison of steam versus CO2 electrolysis 
Figure 8-1 contrasts the thermodynamics of water and CO2 splitting, indicating that CO2 
splitting requires more energy. As discussed in Section 3.1.3, water electrolysis usually 
achieved higher performance (higher current density at the same applied potential differences) 
than CO2 splitting. However, the co-electrolysis of H2O and CO2 was still under debate as to 
whether both H2O and CO2 were electrochemically active and to what extent, or if CO2 was 
reduced indirectly via the reverse water gas shift reaction by the electro-generated H2.   
 
Figure 8-1:  Thermodynamics of H2O (- -) compared to CO2 (―) electrolysis (thermodynamic data 
presented in Appendix A); |∆Eeqm| and |∆Etn| are equilibrium and thermo-neutral potential 
differences, respectively. 
8.2. (Electrochemical) performance of H2O, CO2 and co-electrolysis 
8.2.1. General performance 
Micro-tubular reactors of the form Ni-YSZ|YSZ|YSZ-LSM|LSM from Batch 4 with silver 
wire and paste for the inner lumen current collection (analogous to reactors in Section 7.1) 
were used in the first instance.  
The equilibrium potential differences for pure H2O or CO2 electrolysis are plotted in Figure 
8-2, using the Nernst equation (Equation (8-1)).  
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The measured values (UOCPD) were generally in good agreement with their predicted values 
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(|∆Eeqm|), indicating gas-tight electrolytes. Open circuit potential differences for co-
electrolysis were measured within the two extremes. 
 
Figure 8-2:  Variation of the equilibrium potential difference (|∆Eeqm|) with operating temperature for 
different CO2/CO (—) and H2O/H2 (- -) ratios. Calculated from thermodynamic data in 
Appendix A. 
 
Figure 8-3:  Effects of applied current density (j) and operating temperature (— 768°C, - - - 872 °C) on 
cell potential difference (U) for H2O, CO2 and co-electrolysis (gas feed composition - Table 
5-2). 
Figure 8-3 shows the effect of the current density on cell potential difference with different 
temperature and feed gas compositions at a fixed electrolyte thickness (ca. 28 μm). For all gas 
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feed compositions, increased temperatures enhanced the performance due to faster kinetics 
and increased conductivity of the electrolyte – 3.35 and 7.04 S m-1 for 768 and 872 °C, 
respectively [349]. However, H2O electrolysis outperformed pure CO2 electrolysis by about 
61 to 72% for 768 to 872°C, respectively, whereas co-electrolysis performance was nearly 
identically to pure H2O electrolysis.  
The electrochemical impedance spectra in Figure 8-4 show that the changes were associated 
only with the electrode area specifc resistances, while the ohmic resistances stayed constant, 
indicating the effects of changes in gas compositions were related to the electrode kinetics (or 
even diffusion processes). The relative polarisation losses of H2O (and co-electrolysis) were 
49(51) % and 13(17) % of the values for CO2 electrolysis at 768 and 872 °C, respectively.  
 
Figure 8-4:  Electrochemical impedance spectra at 768 °C (filled) and 872 ºC (unfilled) for CO2 (■), H2O 
(●) and co-electrolysis (▲), denoted scenario 1-3 in Table 5-2, measured at UOCPD. Note: EIS 
was recorded over a frequency range of 105-0.1 Hz with an RMS amplitude of 0.01 V. 
 
0
1
2
3
4
5
6
0 1 2 3 4 5 6
-Z
'' 
/ Ω
 c
m
2 
Z' / Ω cm2 
0
1
0 1 2
 194 
Chapter 8: Results and discussion – Simultaneous CO2-H2O splitting 
 
Table 8-1:  Contributions to area specific resistances (ASRs) for different feed gas compositions and 
temperatures. 
 Ohmic ASR 
/ Ω cm2 
Electrode ASR 
/ Ω cm2 
Total ASR 
/ Ω cm2 
76
8 
°C
 
Scenario 1 (CO2) 0.50 5.30 5.80 
Scenario 2 (H2O) 0.50 2.60 3.10 
Scenario 3 (CO2/H2O) 0.50 2.70 3.20 
87
2 
°C
 
Scenario 1 (CO2) 0.46 4.64 5.10 
Scenario 2 (H2O) 0.47 0.62 1.09 
Scenario 3 (CO2/H2O) 0.47 0.77 1.24 
 
8.2.2. Effect of current collection on electrolyser performance 
Re-running the electrochemical performance analysis with the same micro-tubular reactors of 
the form Ni-YSZ|YSZ|YSZ-LSM|LSM from Batch 4, but with a nickel wire only for the inner 
lumen current collection (analogous to reactors category B in Section 7.2) resulted in an 
increase in performance (Figure 8-5).  
 
Figure 8-5:  Effects of applied current density (j) and current collection technique (- - - Ni wire only, —
Ag paste + metal wire) on cell potential difference (U) at 822 °C for H2O, CO2 and co-
electrolysis with gas feed composition outlined in Table 5-2. 
The current densities achieved at 1.3 V of 0.5 A cm-2 with 35% humidity at 822°C (steam 
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electrolysis – feed gas scenario 2) were comparable with those of (micro)-tubular reactors 
reported elsewhere [177, 219], ranging between ca. - 0.4 A cm-2 (850°C, 25% steam) to  
ca. -0.7 A cm-2 (900°C, 30% steam), though their electrolytes were thinner (20-15 μm).  
The increase in current densities achieved at a fixed potential by removing the silver paste 
was ca. 30% for the steam and co-electrolysis cases, whereas CO2 electrolysis was improved 
by 78%. Noticeably, the difference in current densities between CO2 and H2O electrolysis 
decreased from 74 % to 28%.  
From electrochemical impedance spectroscopy, the nickel wire current collector decreased 
polarisation losses, while increasing the ohmic resistance slightly compared to that for silver 
paste based current collection (Figure 8-6 and Table 8-2). The difference in ohmic ASR for 
different types of current connection have been discussed in Section 7.2.2. 
 
Figure 8-6:  Electrochemical impedance spectra  for Ag paste + metal wire (filled) and nickel wire alone 
(unfilled) for electrolysis of CO2 (■), H2O (●) and co-electrolysis (▲), denoted Scenario 1-3 in 
Table 5-2, measured at UOCPD at 822 °C. Note: EIS was recorded over a frequency range of 
105-0.1 Hz with an RMS amplitude of 0.01 V. 
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Table 8-2: Contributions to area specific resistances for different feed gas compositions and current 
collection techniques at 822 °C. 
 Ohmic ASR 
/ Ω cm2 
Electrode ASR 
/ Ω cm2 
Total ASR 
/ Ω cm2 
A
g 
pa
st
e 
+ 
m
et
al
 w
ir
e 
Scenario 1 (CO2) 0.448 6.152 6.60 
Scenario 2 (H2O) 0.453 1.277 1.73 
Scenario 3 (CO2/H2O) 0.453 1.547 2.00 
N
i w
ir
e 
on
ly
 Scenario 1 (CO2) 0.644 0.406 1.05 
Scenario 2 (H2O) 0.629 0.251 0.880 
Scenario 3 (CO2/H2O) 0.640 0.284 0.924 
 
Figure 8-7 shows the analysis of differences in spectra (ADIS) for the different gas 
compositions with CO2 electrolysis as the reference point for the different current 
connections. The shifts observed for H2O and co-electrolysis were nearly identical; i.e. 
evidence for H2O and co-electrolysis possibly both proceeding via H2O electrolysis with any 
CO2 reduction being via the chemical water gas shift reaction (i.e. indirect electrochemical 
reduction by electro-generated hydrogen). Noticeably, the variation was detected around 1 
Hz, which is related to the gas diffusion processes according to Table 7-10 (page 172). The 
shift was less for the nickel current collector, providing further evidence that the silver paste 
potentially caused pore blockage, as has been discussed in Section 7.2.3.3. 
 
Figure 8-7:  Effects of gas composition and lumen current collector material (- - - Ni wire only, —Ag 
paste + metal wire) on ΔŻ’ at UOCPD with CO2 as the reference point at 822 °C. 
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Figure 8-8 (A) and (B) show the global variation of total area specific resistance with cell 
potential difference. The ‘peak’ previously observed for silver cells, was evident only for CO2 
electrolysis. Generally, CO2 showed greater dependence on cell potential difference than the 
other two gas scenarios. 
 
 
Figure 8-8:  Effect of cell potential difference on total area specific resistance at 822 °C for (A) silver 
paste + metal wire and (B) nickel wire. 
As for the reactors with CO2 feed only, energy dispersive spectroscopic measurements (Figure 
8-9) showed that  the silver was confirmed still to inhibit the surface reactivity in all three 
different gas atmospheres; i.e. silver being detected only at the outer gas | electrode interface. 
Thus, the most likely reason for the difference between the different current collectors was 
partial blocking/restriction of access to through the surface pores as shown schematically in 
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Figure 8-10, as the surface silver was the only variation between the two reactor types. 
 
Figure 8-9:  (A) Elemental mapping of Ni, Zr and Ag; (B) quantitative analysis of individual spots and 
(C) surface view of inner lumen of hollow fibre reactor. Note: elemental quantification over a 
larger area within the bulk of the structure confirmed a Ni:YSZ ratio equivalent to a 
NiO:YSZ ratio prior to reduction of 60:40 wt%. 
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Figure 8-10:  Schematic of the effect of silver surface blockage on CO2 and H2O diffusion. 
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However, as has been established above, the CO2 electrolysis was more severely affected than 
the other two electrolysis modes. This could have been due to the smaller diffusion coefficient 
of CO2; being a lighter and smaller [385] (2.65 versus 3.3 Å) molecule than CO2, water / 
steam could diffuse more easily into the structure. Table 8-3 lists the binary diffusion 
coefficients for all the different feed gases calculated according to procedure by Fuller et al. 
[52]. Comparing diffusion coefficients of all gases versus the helium carrier gas, molecular 
diffusion of steam was predicted to be faster than that of CO2 (ratio of 1:0.68 for H2O:CO2). 
Note: the binary diffusion coefficient of H2 was largest, so hydrogen has a positive effect on 
diffusion rates of all species [181]; i.e. even the diffusion rate of CO2 would have been 
enhanced, so more CO2 could potentially reach the electrochemical active zone, provided 
molecular diffusion was the dominant diffusion process. Therefore, this could have provided 
an additional mechanism by which the performance of (CO2-H2O) co-electrolysis would have 
exceeded that of electrolysis of CO2 alone. 
Table 8-3:   Binary diffusion coefficients for the five feed gas species at 822 °C. 
 He CO2 CO H2O H2 
 / × 10-4 m2 s-1 
He   5.57 6.67 8.17 16.2 
CO2 5.57   1.57 2.05 6.24 
CO 6.67 1.57   2.52 7.26 
H2O 8.17 2.05 2.52   8.59 
H2 16.2 6.24 7.26 8.59   
 
However, the silver was also likely to cause pore blockage, resulting in very small pores, in 
which molecular-wall interactions are more likely; hence, Knudsen diffusion would be more 
appropriate (Equation (8-2)). The mean free path for the five gas species are predicted as ca. 
510, 310, 240, 490, 410 nm for He, CO2, CO, H2O and H2, respectively, calculated according 
to Equation (8-3) using kinetic molecular diameters [53, 385]. The mean peak pore sizes in 
‘unblocked’ reduced hollow fibres were measured to be ca. 17, 400 and 700 nm using 
mercury porosimetry. Thus, the mean free paths of the reactants and products were of similar 
size to the pore sizes, so Knudsen diffusion becomes relevant. Table 8-4 lists the diffusion 
coefficients for 400 and 700 nm pore sizes (approximating K0 to 0.25 × dpore); the ratio of the 
diffusion coefficients compared to water would be: 3, 0.64, 0.80 for H2, CO2 and CO, 
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respectively, again CO2 being the slowest to diffuse.  
 , 0
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d N P
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π
=  (8-3) 
Table 8-4:  Knudsen diffusion coefficients for the five gas species at 822 °C. 
 He CO2 CO H2O H2 
 / × 10-4 m2s-1 
400 nm pore 3.22 0.969 1.22 1.52 4.55 
700 nm pore 5.63 1.70 2.13 2.65 7.96 
 
Within the porous structure, the diffusion is via the concentration gradients. Thus, if steam 
electrolysis is faster (due to faster diffusion and faster kinetics; the latter including adsorption, 
which is discussed in Section 8.3), a larger concentration gradient is set up, which will 
positively feedback on diffusion, enabling further reaction at the functional TPBs.    
8.2.2.1 Effect of current collector on product gas composition 
Using on-line mass spectrometric analysis of the cathode off-gases, surprisingly, the CO yield 
varied with current collection technique. Whereas CO yields close to the theoretical water gas 
shift reaction equilibrium were obtained for the nickel current collector, the silver paste + 
metal wire produced a higher H2 to CO ratio. Note that the gas outlet quantification 
experiments were run under constant current at ca. 1.3, 1.5 and 1.7 V, but the differences in 
gas composition of the yieldlviii were marginal, so that data in Figure 8-11 represented 
averaged values. Charge yields of ca. 100% were confirmed using Faraday’s law: 
 2= dnI F
dt
 (8-4) 
lviii The yield CO to H2 ratio did not vary within the accuracy of the mass spectrometry. Obviously, the ratio of 
H2/CO to H2O/CO2 increased with applied cell potential difference as the overall conversion increased. 
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Figure 8-11:  Effect of temperature on compositions of electrolysis products for nickel wire only versus 
silver paste containing current collectors and theoretical yields if the (reverse) water gas shift 
(WGS) equilibrium was achieved. 
These results strengthen the hypothesis that co-electrolysis occurred mainly via H2O 
electrolysis, followed by subsequent CO2 reduction with electrogenerated hydrogen, via the 
reverse water gas shift reaction. When the silver paste was partially blocking surface pores, 
the heterogeneous chemical reaction rate decreases, as CO2 diffusion rates into the structure to 
react with H2 formed via electrolysis, would have been restricted. This effect has been 
confirmed through modelling, whereby decreasing porosity decreased the heterogeneous 
reaction zone within the electrode [181]. 
8.3. Adsorption modelling for gases in CO2, H2O and co-electrolysis 
In addition to the lower CO2 diffusion rates, which affect both the heterogeneous and 
electrochemical reactions rates, the reactions are affected by the adsorption and desorption of 
the gases participating in the different electrolyses. Figure 8-12 (A) shows the equilibrium 
adsorption/desorption rates of the four gas feed species in their respective gas feed scenarios 
calculated solving simultaneously the adsorption and desorption Equations (8-5)-(8-11) using 
data in Table 8-5 [386, 387, 388].  
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Table 8-5:  Parameters used to calculate the adsorption/desorption rates and surface coverage [388] 
 Ai (or ai)  
/ (m, mol, s) 
βi (or bi) 
/ - 
Ea (or di) 
/ kJ mol-1 
2 ( ) ( ) ( ) ( )s s s sH Ni Ni H H+ + → +   5.593 × 10
15 0.0 88.12 
2 ( ) 2 ( )s sH O Ni H O+ →   4.579 × 10
12 0.0 62.68 
2 ( ) 2( )s sCO Ni CO+ →   9.334 × 10
7 0.0 28.80 
( ) ( )s sCO Ni CO+ →   4.041 × 10
11 0.0 112.85 
Additional surface coverage dependence of Ea (εCO): 50.0 
( ) ( ) ( ) ( ) 2s s s sH H Ni Ni H+ → + +   1 × 10
-2 0.0 0.0 
2 ( ) ( ) 2s sH O Ni H O→ +   1 × 10
-1 0.0 0.0 
2( ) ( ) 2s sCO Ni CO→ +   1 × 10
-5 0.0 0.0 
( ) ( )s sCO Ni CO→ +   5 × 10
-1 0.0 0.0 
site occupancy number (σk): 1 [-]  
surface site density (Γ): 2.60 × 10-5 mol m-2  
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Figure 8-12:  (A) Equilibrium adsorption rates and (B) surface coverage of water, hydrogen, carbon 
dioxide and carbon monoxide for feed gas scenario 1 (- -), 2 (— ·) and 3 (—). Note: the feed 
gas composition for co-electrolysis (scenario 3), was allowed to reach the (reverse) water gas 
shift equilibrium compositions at the respective temperature using thermodynamic 
calculations based on Equation (1-6) with data from Appendix A. 
In co-electrolysis, H2O adsorption was predicted to be four orders of magnitude faster than 
CO2 adsorption, providing further support for steam electrolysis being the dominant 
electrochemical process, whereby carbon monoxide was produced mainly via the reverse 
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water gas shift reaction, as suggested previously in the literature [50, 174, 389].  
As discussed in Section 3.1.1.2 and Figure 3-6, the electrochemical reaction is confined to an 
active electrode functional layer, which has been reported to be between 20 to 50 µm [95, 96]. 
For a ca. 220 µm thick electrolyte, this would mean only 9-22% of the cathode volume would 
have been utilized for the electrochemical reactions. However, the heterogeneous reaction 
should be less affected by the surface adsorption limitation, as a larger surface area would be 
availablelix, though the heterogeneous reaction zone would possibly be located closer to the 
gas | electrode interface, due to CO2 diffusion limitations, as predicted by [181] and shown 
schematically in Figure 8-13.  
However, the homogeneous gas phase (reverse) water gas shift reaction was not significant 
compared to the heterogeneous catalyst reaction rate [390, 391]. Thus, if the access to the 
heterogeneous catalyst surface area was restricted, the kinetic conversion decreased, yielding 
H2 rich products, indicating H2O electrolysis being dominant, as observed in Figure 8-11. The 
difference between heterogeneous and homogeneous reaction rate also causes the reaction 
product to be kinetically frozen to the concentrations obtained within the high temperature 
reactor. 
 
 
 
lix For the (reverse) water gas shift reaction the nickel catalyst is essential, whereas a ‘participating’ support can 
enhancing rates. Hence, the water gas shift reaction, did not necessarily need a triple phase boundary, increasing 
the available reaction sites compared to the electrochemical reactions. For a comprehensive review of CO2 
adsorption on metals the reader is referred to work by Freund and Roberts [451]. 
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Figure 8-13:  Schematic of heterogeneous versus electrochemical reaction zones in the Ni-YSZ cathode. 
Reported reaction mechanisms of the reverse water gas shift reaction for metal catalyst 
(including nickel) on an ‘interactive’ ceramic support proposed a redox mechanism whereby 
the reactant species interact with the catalyst surface (Equation (8-12) and (8-13) [392]). A 
schematic of a possible mechanism is shown in Figure 8-14, with the nature of the 
intermediate surface species still being debated and also being catalyst/support dependent 
[392, 393, 394, 395]. Thus, the YSZ having available surface oxygen vacancies would have 
been an effective catalyst support for the water-gas shift reaction.  
 2 * lattice or adsorbed oxygenCO CO O→+ +←  (8-12) 
 2 2 *lattice or adsorbed oxygenH O H O→+ +←  (8-13) 
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Figure 8-14:  Suggested reverse water gas shift mechanism based on [392, 393, 394, 395]. 
The second conclusion that can be drawn from the adsorption studies is that CO was predicted 
to have the highest surface coverage, though without considering the effects of potential. 
Thus, adsorbed CO was also possibly blocking surface sites (> 30% coverage) of the 
electrochemical reaction (> 41% total coverage in co-electrolysis at 822 °C, compared with 
22% total coverage for H2O electrolysis alone). Also, co-adsorption of CO and H2 has been 
suggested to change the carbon formation mechanism, increasing the possibility of carbon 
diffusion into the metal [143]. Hence, if CO was produced mainly via the gas shift reaction 
from CO2 and electro-generated H2, it might be beneficial to decouple the two processes into 
two separate reactors in order to optimize the reaction conditions for each process separately 
to obtain the desired syngas composition and achieve optimal performance of both processes. 
Detailed systems modelling would be required to evaluate the benefits and drawbacks of a 
combined reactor system compared with separate electrochemical and catalytic reactors. 
8.4. Isotopically labelled (C18O2 / H216O) co-electrolysis 
8.4.1. Mass-spectrometric analysis of anodic and cathodic products 
In order to distinguish further between the relative rates and product distributions of 
electrochemical versus chemical reactions within the micro-tubular hollow fibre electrolyser 
(Figure 8-15), the experiments described above were repeated, but with 95.5 % oxygen-18 
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isotopically labelled C18O2 replacing normal carbon dioxide (C16O2). Both anode and cathode 
off-gas streams were monitored simultaneously using two mass spectrometers. In order to 
limit the possibility of the water gas shift reaction exchanging labelled oxygen prior to the 
reactor, only H2O and CO2 were feed to the reactor at 50:50 ratio with a total active gas flow 
of 40 ml min-1, comparable to gas flow scenario 3 in Table 5-2; current density of -0.026 A 
cm-2 was applied to the cell in order to protect the nickel from re-oxidation.  
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Figure 8-15:  Schematic of experiment to distinguish between direct electrochemical reduction of CO2 and 
its indirect reduction by H2 electrochemically generated by H2O reduction. 
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Figure 8-16:  Mass spectrometric intensities measured at the anode for isotopic oxygen fractions (36 – 
18O2, 34 – 16O18O and 32 – 16O2) at different cathodic feed gas compositions and electrolysis 
current densities at 822° C operating temperature. 
Figure 8-16 shows an exemplar mass spectrometry analysis of the anode off-gases at different 
operating conditions, highlighting that the labelled oxygen could indeed be distinguished. 
Assuming that the labelled oxygen signal (32, 34 and 36) intensities would scale similarly 
regardless of the isotope, the isotopic oxygen fractions from the anode could be calculated 
(Table 8-6). Note that using the mass spectrometric analysis of the cathode off-gas, the CO2 
fractions were 83% (C18O2), 15% (C16O18O) and 2% (C16O2) %, implying a 90.5% isotopic 
enrichment in contrast to the 95.5% certified. Thus, the signal intensities were not exactly the 
same for the different isotopes, but within 5% error. Hence, the data for C18O2 alone in Table 
8-6 are reasonable in comparison to the ‘measured’ enrichment, allowing for some back-
diffusion of oxygen-16 into the YSZ membrane, as the anode sweep gas contained 10% 16O2 
or residual oxygen-16 within the YSZ membrane. The co-electrolysis results imply that, 
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within the error of the isotopic mass spectrometry analysis, both CO2 and H2O took part 
equally in the electrochemical process. However, it was evident from analyses of the cathode 
off-gases, that, unfortunately, the isotopic oxygen labels were being exchanged between CO2 
and H2O; i.e. oxygen-18 enrichment in the water and oxygen-16 replacement in the carbon 
dioxide, so the anode off-gas isotopic fractions were inconclusive. Therefore, no direct 
evidence could be obtained to distinguish between direct cathodic reduction and the indirect 
reduction via hydrogen electro-generated from steam reduction. 
Table 8-6: Oxygen-16 and 18 fractions for different feed gas compositions and current densities at 822 °C. 
 Current density / A cm-2 oxygen-16 oxygen-18 
C16O2/C16O -0.52 100% 0% 
 -0.26 100% 0% 
C16O2 only -0.52 100% 0% 
C18O2 only -0.26 15% 85% 
 -0.52 14% 86% 
C18O2 \ H216O -0.52 53% 47% 
C18O2 only -0.52 17% 83% 
 
8.4.2. Digression: Where and why were the oxygen-18 labels swapped? 
The first cause of the isotopic exchange would be associated with the water gas shift reaction. 
However, the second observation from the isotopic experiments was that the H2/CO yields 
were similar to what has been reported in Figure 8-11; i.e. the (reverse) water gas shift (WGS) 
equilibrium composition was achieved for the Ni only systems, whereas cells with the lumen 
of the hollow fibre covered in silver produced more H2. Hence, it would appear bizarre if the 
(reverse) WGS reaction was responsible for exchanging labelled oxygen (at steady state only 
57% of total oxygen is 18O in CO2 compared to feed enrichement of 95.5%), but that the 
reaction did not reach equilibrium, especially as the ratio of H2O/CO2 compared to products 
(H2/CO) was in excess of 19:1. 
To elucidate the reasons for these observations, the hollow fibre reactor was replaced by an 
alumina tube, i.e. just the feeding tube without a reactor, and C16O2/H2 (scenario A), 
H216O/C16O (scenario B) and C18O2 and H216O (scenario C) at different compositions fed 
through the tube at the operating temperature of 822 °C.  
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Figure 8-17:  Effect of thick-walled ¼ inch OD tube material and introduction of water on CO2 fractions 
(44: C16O2, 46: C18O16O, 48: C18O2) at 822 °C for (A) alumina, (B) quartz and (C) 10.5 YSZ. 
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Neither scenario A nor scenario B, representing respectively the left and right hand-side of the 
reverse water gas shift reaction (Equation (1-6)), showed any marked variation in the gas 
composition (shown in Appendix O). Hence, no (reverse) water gas shift reaction occurred 
without a catalyst such as nickel (note that a similarly designed control experiment with 
nickel foam inserted into the reaction zone of the alumina tube promoted the (reverse) water 
gas shift reaction). However, the C18O2 and H216O (scenario C) exchanged oxygen-16 and 
oxygen-18 immediately, though the total amount of carbon dioxide and steam remained the 
same; i.e. any (intermediate) product was unstable (Figure 8-17 (A)).  
Repeating this experiment with a quartz or YSZ tube instead of an alumina tube, again 
produced no detectable changes in gas compositions of scenario A or B. However, for quartz, 
no oxygen-18 exchange between CO2 and water occurred (Figure 8-17 (B)). For the YSZ 
tube, some initial exchange occurred upon addition of the steam, but afterwards approached 
the ‘pre’-water addition signals (Figure 8-17 (C)). 
Assuming ideal plug-flow behaviour, residence times within the ceramic/quartz tubes was of 
the order 3-5 seconds, with < 60 seconds residence time within the auxiliary pipework 
including the U-bend condenser, steam generator and mass spectrometer. The initial 
stabilization times for alumina and quartz were possibly due to some slow 
adsorption/desorption on the surface of the tubes or the initial blast of gas from the labelled 
CO2 gas bottle. The later seems most likely for quartz, as repeating for example the 
experiment with the quartz tube, the 2nd trial of C18O2 addition led to much faster CO2 fraction 
signal stabilization. Hence, quartz can be classified as ‘inert’ towards the adsorption of H2O 
or CO2, so is not an active catalytic surface lx. For the alumina tube, the addition of water 
enabled the alumina surface to act as a catalyst for the oxygen exchange between CO2 and 
water.  
For zirconia (10.5-YSZ), the measured oxygen-18 enrichment was 64%, which was much 
lower than the 85% feed gas compositionlxi. This ca. 16-21% change in oxygen-18 signal 
corresponded to ca. 5.0 × 10-6 mol s-1 carbon dioxide reaction. Depending on the actual active 
lx This is why quartz tubes have been employed to study the high temperature homogeneous gas phase reverse 
water gas shift reaction [390].  
lxi Note: For quartz and alumina tubes, the enrichment was measured to be ca. 80%, which is within the 5% of 
instrumental error due to mass fraction intensities not being 100% scalable. 
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area of the YSZ, the molar flux could be estimated to be ca. 1.23 × 10-3 mol m-2 s-1. For an 
oxygen concentration within the YSZ of ca. 9.66 × 10-3 mol m-3, the surface exchange 
coefficient would be 1.69 × 10-8 m s-1. As Section 9.2 will show, this value is a very 
reasonable estimate. Hence, the lower oxygen-18 enrichment was due to oxygen exchange 
between gaseous C18O2 and the YSZ tube (oxygen-16). This also explains the very high initial 
C16O2 concentration, with the flux decreasing as the O-18 concentration gradient across the 
YSZ decreased. Much longer experiments would be required to establish whether this flux 
would eventually cease due to total exchange across the 0.8 mm thick tube wall. The initial 
decrease in oxygen-18 upon introduction of water was due to water enhancing the surface 
exchange coefficient, as will be discussed in Section 9.1.1 and 9.2. However, with 
diminishing oxygen-18 concentration gradients within the YSZ tube, the flux decreased, 
leading to the increase in gaseous oxygen-18 signal again.  
However, the labelled electrolysis experiments were inconclusive probably because of the 
alumina tubes and the O-18 exchange between CO2 and H2O prior to the reactorlxii. Within the 
700 s to stabilize the signals on the cathode and anode, most of the oxygen-16 was expunged 
from the YSZ membrane, as pure C18O2 electrolysis resulted in O-18 rich oxygen product 
(Figure 8-16 and Table 8-6). The membrane was O-18 exchanged via self-diffusion and the 
applied current to prevent spontaneous Ni oxidation, as the later by itself would have taken > 
1500 s (for 25 μm). Furthermore, the residence time within the hollow fibre was 150 times 
shorter than within the alumina tube. For an improved experimental design, quartz feed tubes 
would be the most ideal choice. However, using a quartz tube in the reactor system was 
precluded, as the thermal expansion coefficients [396] of alumina and zirconia (ca. 9 × 10-6 
compared to 10 × 10-6 °C-1) were better matched than zirconia to quartz (ca. 0.7 × 10-6 °C-1), 
so sealing was more facile in the former case.  
8.4.3. Mechanism of CO2 adsorption 
Chemisorption of CO2 at intermediate temperatures onto ceramics such as alumina or zirconia 
lxii Some further oxygen-18 label exchange might have occurred within the hollow fibre reactor as well. 
However, residence times and results of experiments with the ceramic tube suggested that most of the isotope 
swapping would have occurred already prior to the reactor, especially as the reverse-water-gas shift equilibrium 
was not achieved for the cell with silver paste current collector, implying too little time also would have been 
available for isotope-swapping. 
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is usually via hydrogen carbonates, by interaction with surface hydroxyl groups or carbonate 
species, as various surface bonding types exist [397, 398]. The thermal activation of some of 
the species was detected using infrared adsorption studies with C18O2 on alumina [399]. As 
the alumina feeding tube was located in a wide temperature range (ca. 200-822 °C), at least in 
part of the tube, the addition of water will have created surface hydroxyl groups, which could 
be utilized for adsorption, leading to labelled oxygen exchange, as shown schematically in 
Figure 8-18.  
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Figure 8-18:  Schematic of mechanism for low to intermediate temperature CO2 adsorption on alumina or 
zirconia (basic ceramic) via a surface hydroxyl site and subsequent ‘oxygen’-swapping. 
General mechanism of CO2 reaction with surface hydroxyl group and hydroxyl group 
formation adapted from [400, 401]. 
Carbon dioxide adsorption studies of alumina and zirconia were usually restricted to 
temperatures below the operating temperature used for solid oxide electrolysers. Furthermore, 
only few studies have been reported for YSZ. According to Köck et al. [402], CO2 was 
chemisorbed onto 8-YSZ via the formation of hydrogen carbonates with surface hydroxyl 
sites. With increasing temperature, the adsorption bond strength to the surface should have 
been increased by the formation of carbonate species. However, according to their results, 
bonding to YSZ was weaker than to pure Y2O3, so adsorbents eventually started to 
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decompose with hardly any adsorbents remaining at 600 °C. CO2 adsorption capacity on pure 
ZrO2 has been shown to be lower and concentrations of surface species were greater on 
monoclinic-ZrO2 than tetragonal-ZrO2 [403]. For zirconia, low temperature adsorption has 
been proposed to form a hydrogen carbonate via the hydroxyl group, whereas higher 
temperatures required the interaction with an acid-base pair to form a stable CO2 adsorbed 
species in the form of a carbonate. This acid-base pair was identified as being associated with 
the oxygen vacancies in YSZ [400]. However, 8-YSZ has a cubic structure [404], so 
extrapolation from data for pure zirconia has to be treated with caution. A proposed 
mechanism for high temperature CO2 adsorption on a ceramic with oxygen vacancies is 
presented in Figure 8-19. As for the oxygen surface adsorption in Figure 8-18, ‘randomness’ 
of adsorption/desorption can lead to oxygen exchange, especially when water was present to 
replenish oxygen-16. In addition, self-diffusion could occur in materials with high oxygen 
diffusion rates such as YSZ, leading to further oxygen swapping; a similar effect has been 
reported by Müller et al. [405] during catalyst studies with oxygen-18 labels. 
M M
CO2 adsorption/
desorption
M
Bidentate carbonate 
formation
M
Oxygen-18/16 
self-diffusion
MM
C18O2
C16O18O
M
C16O18O
CO2 adsorption/
desorption
Bidentate carbonate 
formation
M
CO2 adsorption/
desorption
Bidentate carbonate 
formation
Initial starting 
point
 
Figure 8-19:  Schematic of mechanism for high temperature CO2 adsorption on zirconia via surface acid-
base pairs involving oxygen vacancies [400]. The mechanism has been extended to explain 
the extent of ‘oxygen’-swapping via ‘randomness’ of adsorption/desorption and oxygen-self-
diffusion into the bulk lattice. 
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8.5. Chapter summary 
The overall performance of CO2 electrolysis was found 48% lower than that of steam 
electrolysis for the 1st generation current collection silver wire + paste, whereas co-
electrolysis behaved similarly to steam electrolysis.  
Changing the cathode current collector design to a nickel wire only, the global performance 
was improved by 137 %, 63% and 57% for CO2, steam and co-electrolysis, respectively. For 
CO2 electrolysis a 93% decrease in area specific electrode resistance (measured at UOCPD) was 
detected, whereas steam and co-electrolysis electrode polarization decreased by ca. 81%. The 
difference in electrode polarization decreased from 382% to 62 % between for CO2 and steam 
electrolysis, indicating that the proposed silver blockage in Section 7.2.3 has a more severe 
influence on CO2 electrolysis, which can be explained by their different molecular sizes and 
subsequent difference in diffusion. 
The microstructure of the micro-tubular electrolyser was sponge-type (Knudsen diffusion 
dominated) near the proposed electrode active functional layer and finger-type voids were 
only found within the bulk of the electrode-support. Thus, if surface obstruction (also mainly 
Knudsen diffusion) has a larger effect on the CO2 electrolysis, the sponge-type microstructure 
will also inhibit CO2. Hence, co-electrolysis is most likely a combination of H2O electrolysis, 
followed by chemical reaction of the CO2 with the electro-generated H2. This was also 
supported by adsorption modelling comparing H2O and CO2 adsorption and the 
thermodynamic water-gas shift equilibrium not reached in the silver ‘blockage’ scenario. 
Electrolysis of different oxygen-18 isotopes labelled reactants (C18O2 and H216O) was 
inconclusive, as the oxygen-labels swapped in the feeding alumina tubes prior to the reactor 
via sequential reversible surface reactions. 10.5-YSZ zirconia feeding tubes were also 
facilitating oxygen-label exchange due to fast surface reactions and self-diffusion into the 
oxide lattice. Quartz was found inert, but thermal expansion coefficients were mismatched 
with the YSZ-based electrolyser resulting in inadequate sealing.  
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9. Results and discussion – SIMS imaging for understanding and diagnostics 
of electrolysers 
 
Chapter summary 
This chapter discusses the oxide transport rates in solid oxide electrolysers of the form  
NiO-YSZ|YSZ|YSZ-LSM|LSM comparing the effect of applied current to open circuit 
potential difference conditions using oxygen-18 isotopically enriched carbon dioxide (C18O2). 
Two different electrolyser designs are presented: planar (250 μm thick electrolyte) and 
tubular (20-35 μm thick electrolyte). 
 
The intrinsic CO2 reduction mechanism was characterized by determining the surface 
exchange kinetics of C18O2 on 8-YSZ only and the oxide diffusion coefficient in the absence 
of applied electrochemical currents.  
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9.1. Electrolysis with C18O2 
The cathode reaction (C18O2 reduction) can be represented by:  
 18 18 18 22( ) ( ) ( )2
× − −→+ + +←g O YSZ O YSZC O V e C O O  (9-1) 
At the anode, overall electroneutrality is maintained by creation of (neutral) oxygen 
vacancies, whereby initially the relative ratios of 16O2 and 18O2 evolved depends on the 
concentration profile within the YSZ electrolyte. 
( ) ( ) ( ) ( ) ( ) ( )16 2 18 2 16 16( ) ( ) 2( ) 2( ) ( )11 1 22
− − × −→  + − + − + +←  O YSZ O YSZ gas gas O YSZa O a O a O a O V e (9-2) 
The transport of oxide ions within YSZ can be expressed approximately by the Nernst-Planck 
equation, which strictly applies to infinitely dilute conditions, in which cation-anion electrical 
interactions can be neglected. However, Equation (9-3) may be adequate as a first 
approximation to describe transport process rates in YSZ, in which migration transport due to 
the potential gradient ∇φ and diffusional transport, caused by the concentration gradient ∇c, 
are summed (written for the 1-D case):  
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where
2
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−
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18 2
( )
−
O YSZO or 
16 2
( )
−
O YSZO .  
Using the Nernst-Einstein equation for (mechanical) mobility, (Equation (9-4)), oxide ion 
transport within YSZ can be expressed by Equation (9-5). 
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The (migration + diffusional) flux can be calculated from Faraday’s law (Equation (9-6)). 
 2 2 2
( ) ( ) ( )
− − −= ⋅j N
O YSZ O YSZ O YSZX X X
z F  (9-6) 
In the absence of an electrical potential field, the oxide ion flux will be purely diffusional, 
whereas when a potential difference is applied, transport could occur by both migration and 
diffusion. Figure 9-1 summarized schematically the transport of species for the latter case due 
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to an applied current density and concentration gradients of oxygen 18/16 species.  
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Figure 9-1:  Schematic of one-dimensional oxygen transport within YSZ electrolyte for a combination of 
diffusion and migration due to an applied current density j.  
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For self-diffusion, the rate of reversible oxygen exchange by reaction (9-7) is given by 
Equation (2-13), with k being the surface exchange coefficientlxiii: 
 ( )18 2 ( ) 18 18 218 18 2 2( ) ( )( )N
−
−−
− −
∂ 
 = = −
 ∂ 
O YSZ
g O YSZO YSZ
Oself exchange self exchange
O OO O
c
D k c c
x
 (9-7) 
9.1.1. Planar cells 
Figure 9-2 shows the dynamic and steady statelxiv performance of the Ni-YSZ|YSZ|YSZ-
LSM|LSM planar solid oxide electrolyser for a ‘pseudo’-co-electrolysislxv gas feed of 15/5 
CO2/H2. At any applied potential difference, current densities were lower than those achieved 
for the micro-tubular SOE discussed in Chapter 7, mainly because of the thicker YSZ 
electrolyte (250 μm) of planar cells. 
 
Figure 9-2:  Effect of current density on cell potential difference across Ni-YSZ|YSZ|YSZ-LSM|LSM for 
a cathode gas composition of 15/5/20 CO2/H2/He at 700 °C. 
Following initial characterization of the planar SOE in standard oxygen-16 gases, separate 
cells were prepared, which after reduction were fed with 15/5/20 C18O2/H2/He; O-18 isotopic 
enrichment was 85%. O-18 exchange within the YSZ electrolyte in these cells with and 
lxiii The correlation between self-diffusion ( iD ) and tracer diffusion (
*
iD ) is given by:
*
= i
i
Df
D
, with f = 1 for 
the random walk, which has been assumed in all analyses [456]. 
lxiv For the performance characterization, standard oxygen-16 gases were used. 
lxv ‘Pseudo’-co-electrolysis gas mixture was used to increase achievable current densities. 
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without applied current density was compared.  
Figure 9-3 shows an exemplar O-18 map across the cell cross-section for an applied current 
density of -0.05 A cm-2. 
These O-18 maps were line-averaged over each individual map and then averaged for 
different positions along the electrolyte. The resulting depth profiles are shown in Figure 9-4 
for open circuit potential difference (diffusional exchange) and applied current density 
(migration + diffusion). 
 
 
 
 
 
Figure 9-3:  Oxygen-18 map of Ni-YSZ|YSZ|YSZ-LSM|LSM structure. SEM images show the physical 
images of the cathode, electrolyte and anode. 
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Figure 9-4:  Oxygen-18 fraction across the YSZ electrolyte for -0.05 A cm-2 applied current density and 
open circuit potential difference. The insert shows the difference between UOCPD and applied 
current; i.e. oxide ions injected as a result of electrolysis current. Symbols (○ and ) 
represent experimental data and dotted lines fitting of the diffusion equation with step 
change in exchange gas concentration.lxvi 
For 8-YSZ ((ZrO2)0.92(Y2O3)0.08) the relative formula mass is 131.4 g mol-1 and the density is 
ca. 6100 kg m-3, so the molar density for YSZ is approximately 4.64 × 104 mol m-3. Therefore 
the oxygen molar density 2 ( )
−  O YSZO  is ca. 9.66 × 10
4 mol m-3. The oxygen vacancy 
concentration would be 3.71 × 103 mol m-3. 
The total charge passed during a -0.05 A cm-2 electrolysis for 180 seconds is 9 C cm-2, which 
is equivalent to 93 × 10-6 mol cm-2 of electrons. Thus, during a two-electron reduction (e.g. 
CO2 splitting to CO – Equation (1.1)), 46.5 × 10-6 mol cm-2 of oxide ions would be injected 
lxvi Initial fitting of Equation (5-11), not taking into account back-diffusion because of ‘gas depletion’ (cg = 0 
during temperature quenching), led to over-estimation of diffusion coefficients and under-estimated surface 
exchange coefficients, as predicted by De Souza and Chater [409]. Extended fitting performed using the 
TraceX-Matlab Application written by S. J. Cooper, Department of Materials, Imperial College London, 
supervised by N.P. Brandon and J.A. Kilner. TraceX allows fitting of Equation (5-11) while defining two 
exchange durations, with the second one set at cg = 0; i.e. simulating back-diffusion. D was set non-variable, 
whereas k was allowed to change with the step change in gas compositions. 
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into the electrolyte. This would correspond to a plug-flow penetration depth of 4.8 μm (all 
oxygen exchanged). Obviously, for diffusion this penetration is spread out, but integrating the 
area underneath the curve in Figure 9-4 B should correspond to the same value. However, it 
was measured to be only ca. 1.7 μm for the above cell.  
Obviously, this calculation neglected the cathode oxygen storage exchange capacity. 
Assuming 30% porosity, 34 wt% YSZ within the ink (with respect to NiO) and a thickness of 
20 μm, the electrode is equivalent to ca. 4.8 μm dense YSZ. However, quantifying the 
oxygen-18 concentration within the electrode is experimentally difficult, due to the porosity. 
The main reason for the discrepancy was related to the experimental procedure. The natural 
exchange of CO2 was determined to be very fast. The magnitudes of the migration gradient  
2 2
( ) ( )
φ
− −
∆  
    
 
  
O YSZ O YSZX X
F z c
L
RT
compared to the concentration gradient 
2
( )
−∂ 
 
∂  
O YSZX
c
x
are very similar: 
6.4 × 108 and 3.9 × 108 mol m-4, respectively. Hence, small variations within the gas supply 
and the thermal quenching procedure can cause variations masking the effect of the 
migrational flux. Furthermore, the achievable migrational flux was very small due to 250 µm 
thick electrolyte-supported cells, the current densities to which are ohmically controlledlxvii.  
Thus, to improve the experimental protocol, it was proposed to: 
• Run two cells simultaneously (to avoid thermal quenching variations and differences 
in gas flow). 
• Employ electrode-supported cells (to enable higher electrolytic fluxes to be achieved) 
Preliminary values for the diffusion (D) and surface exchange coefficient (k) were extracted 
using the Crank approximation (Equation (5-11)) taking into account back-diffusion during 
cool-down, in conjunction with the Killoran correctionlxviii for effective exchange times 
lxvii To increase the achievable current density, H2 instead of CO was co-fed with CO2 to produce some H2O via 
the reverse water gas shift reaction, as co-electrolysis was shown to result in higher current densities at any 
applied potential difference. However, this introduced further complications of CO2 versus H2O electrochemical 
reaction contributions. 
lxviii Estimates of the activation energy for diffusion within YSZ have been obtained from the literature [55, 411]. 
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(Equation (5-12)). As shown in Table 9-1, the diffusion coefficientslxix were found to be of 
similar magnitude to those reported in the literature for oxygen tracer diffusion, but exchange 
coefficients were determined to be much faster.  
Table 9-1:  Comparison of experimental derived surface exchange coefficient (k) and oxygen tracer 
diffusion coefficient (D) at 700 °C with values reported in the literature. 
 Material k / cm s-1 D / cm2 s-1 
Planar – ‘blank’ Polycrystalline 8-YSZ 3.08 × 10-6 (C18O2 containing gas atmosphere) 
1.13 × 10-6 (cool down in He atmosphere) 
3.17 × 10-8 
Planar – 0.05 A cm-2 Polycrystalline 8-YSZ 3.24 × 10-6 (C18O2 containing gas atmosphere) 
4.73 × 10-7 (cool down in He atmosphere) 
3.97 × 10-8 
Manning et al. [55] Single crystal 9.5-YSZ 5.65 × 10-9 3.54 × 10-8 
Weller et al. [409] Single crystal 10-YSZ Not available 1.38 × 10-8 
Weller et al. [409] Single crystal 18-YSZ Not available 2.12 × 10-9 
 
The high value for k compared to oxygen exchange could either be due to fast CO2 exchange 
and / or water, formed via the reverse water gas shift reaction in the ‘pseudo’-co-electrolysis 
gas mixture. The partial pressures of H218O and C18O2 were 8.4 and 29.1 kPa, respectively. 
Similar observations of increased surface exchange rate for wet oxygen exchange have been 
made by Sakai et al. [407] and Pietrowski et al. [408]. Their explanation was that the water 
vapour incorporation could proceed without electronic charge transfer. Thus, to avoid the 
influence of water vapour, a third alteration to the experimental protocol was postulated: 
lxix Note: The tracer diffusion is related to the conductivity diffusion coefficient by the Haven ratio: 
*
( )σ
=
i
i
R
i
DH
D
. If both Haven ratio and the correlation factor for self-diffusion are equal to 1, the self-diffusion 
and conductivity diffusion coefficient are equal. In the absence of further information, this was assumed true. 
However, Manning et al. [55] showed that for 9.5-YSZ, the Haven ratio is 0.48 at temperatures > 650 °C. Thus 
more rigorous fitting of Equation (5-10) would be required to allow for variation in the diffusion coefficients 
between the two different processes. The variability of the (self)-exchange coefficient (k) with or without 
applied current density, depends on the reaction mechanisms for which different options will be proposed 
(Section 9.2). 
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• Run in a CO2/CO atmosphere to avoid the effect of higher surface exchange rates 
facilitated by water. 
Slightly higher values for D and k were evident for the applied current density scenario. 
However, as current density was only applied for 19% of the total effective exchange time, 
no speculations of the actual magnitudes in variation will be made.  
9.1.2. Tubular cells 
To address the drawbacks of the planar cells, tubular cells were employed with >80 % thinner 
electrolytes. Furthermore, two cells could be run within the same gas atmosphere, eliminating 
variation in cell temperature history. The effects of different gas (quenching in inert versus in 
annealing gas atmospheres) and current density (magnitude and time) scenarios were 
investigated as outlined in Section 5.5.1.2.  
As an example for Scenario 1, Figure 9-5 shows the oxygen-18 maps of two Ni-
YSZ|YSZ|YSZ-LSM|LSM micro-tubular solid oxide electrolysers following exposure to a 
C18O2/CO atmosphere and subsequent application of 30 seconds applied current density  
(-0.27 A cm-2) for cell A, while cell B remained at open circuit potential difference. The 
measured UOCPD of cell B was constant during the electrolysis time of cell A; i.e. the two 
cells could be operated independently from each other.  
Figure 9-6 shows that near identical U-j relationships for cell A and B (for scenario 1) were 
obtained, i.e. the cells performed identically. Furthermore, it showed that with these cells, 
high current densities could be achieved even for a CO2/CO mixture. These preliminary 
performance experiments and subsequent stabilization of the cells in C16O2/CO at the 
temperature of exchange also enabled some ‘pre-anneal’, such that the ∇[O] ≈ 0, as otherwise 
an additional chemical gradient exists driving oxygen in or out of the sample [406].  
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Figure 9-5: Oxygen-18 fraction maps of Ni-YSZ|YSZ|YSZ-LSM|LSM micro-tubular SOE cross-sections with (A) 30 s applied current density (-0.27 A cm-2) at 
various positions (1-3) and (B) no applied current density. (C) shows sampling positions along the SOE fibre and (D) SEM images of the cross-sectional surface. 
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Figure 9-6:  Effect of current density on cell potential difference for cell A (applied current during 
anneal) and cell B (UOCPD during anneal) at 700 °C in 90/10 CO2/CO using ‘standard’ C16O2. 
U-j relationships for each cell were measured with the other cell at UOCPD to confirm 
independent operation. Note: EIS was recorded over a frequency range of 105-0.1 Hz with an 
RMS amplitude of 0.01 V. 
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However, slight discrepancies between cell A and cell B performances were detected for 
Scenario 2 and 3 (also shown in Figure 9-6). The A cell, to which applied current was applied 
during annealling, slightly under-performed. Analysing the cathode off-gases during 
measuring U-j relationships, generally good agreement between theoretical and measured CO 
product formation was observed, with minor gas leakage detected for cell B (Scenario 1)lxx. 
The oxygen-18 maps of scenario 1 (shown in Figure 9-5), Scenario 2 and 3 (not shown) were 
averaged onto single depth tracer profiles, which are shown in Figure 9-7. 
Figure 9-7 shows that the difference in oxygen-18 fraction between applied current and open 
circuit potential difference conditions varies quite drastically for the different scenarios. As 
for the planar cells, the total charge passed could be calculated, which for a 30 s electrolysis at 
-0.27 A cm-2 is 8.1 C cm-2, equivalent to 83.7 × 10-6 mol cm-2 of electrons. Thus, during a 
two-electron reduction (e.g. CO2 reduction to CO – Equation (1-1)), 41.85 × 10-6 mol cm-2 of 
oxide ions would be injected into the electrolyte. This would correspond to a plug-flow 
penetration depth of 4.3 μm (all oxygen exchanged). For a diffusional penetration, integrating 
the area underneath the curve in Figure 9-7 for Scenario 1, should correspond to the same 
value. For the electrolyte thickness of ca. 20 μm, this was estimated to be about 2.8 μm. The 
remaining oxide ions might have been injected into the TPB-YSZ within the cathode. 
  
lxx As the U-j plots were similar for cell A and B in scenario 1, the gas leakage was assumed to take place after 
the active solid oxide electrolyser part of the hollow fibre. 
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Figure 9-7:  Effect of applied current on normalized oxygen-18 fraction at various positions (X.number) 
along Ni-YSZ|YSZ|YSZ-LSM|LSM micro-tubular SOE cross-section shown for three 
different gas and current scenarios (Table 5-5). 
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However, in this case the reactor was electrode-supported with the thickness being ca. 200 
μm. Also, the electrolyte was sufficiently thin, for current to have reached the 
anode | electrolyte interface and hence, not all labelled oxygen could be accounted for. For 
scenario 2, hardly any variation between applied current density and open circuit potential 
difference could be detected. For scenario 3, this variation differed, as did the thicknesses of 
the electrolyte. 
This was due to various reasons. Firstly, the duration of the electrolysis current was short 
compared to the total duration of the exchange (between 4.3-11.9 % of the total exchange). 
Secondly, the electrical potential gradient inducing migrational transport resulted in an initial 
concentration gradient that was of similar magnitude to that for diffusion alone (as 
summarized in Table 9-2).  
Table 9-2:  Summary of migration (electrolysis induced) versus self-diffusion O-18 exchange gradient 
magnitudes and durations 
 Scenario 1 Scenario 2 Scenario 3 
 20 μm 25 μm 35 μm 22 μm 31 μm 
Migrational gradient lxxi 
2 2
( ) ( )
φ
− −
∆  
    
 
  
O YSZ O YSZX X
F z c
L
RT
 
/mol m-4 
3.44 × 10-9  
(-0.27 A cm-2)  
2.55 × 10-9  
(-0.20 A cm-2) 
3.44 × 10-9  
(-0.27 A cm-2) 
Initial concentration gradient 
2
( )
−∂ 
 
∂  
O YSZX
c
x
/mol m-4 
4.83 × 10-9 
(58%) 
2.76 × 10-9  
(52%) 
3.86 × 10-9 
(60%) 
4.39 × 10-9 
(56%) 
3.72 × 10-9  
(48%) 
Total effective exchange time / s 696 756 726 
% of total effective exchange 
time in C18O2/CO atmosphere 
60 % (possible 
back-exchange) 
100 % 
 
62 % (possible back-
exchange) 
% of total effective exchange 
time with applied current density 
4.3 % 11.9 % 8.2% 
lxxi Assuming uniform current density across all the electrolyte. 
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Figure 9-8 shows the effect of applied current density on the relative migrational versus 
diffusional fluxes. Thus, higher current densities would be beneficial to distinguish better 
between 2 ( )
−  O YSZO  the self-diffusion and the oxide ions injected during electrolysis. However, 
for an oxygen molar density 2 ( )
−  O YSZO  of ca. 9.66 × 10
4 mol m-3, the 25 μm thick electrolyte 
would be saturated in < 40 s for an applied current density of -1 A cm-2. 
 
Figure 9-8:  Effect of current density on migration gradient versus initial concentration gradient across a 
25 μm thick electrolyte at 700 °C.  
The self-diffusion had to decrease as the initial concentration gradient decreased. Thus, for a 
cell with migration, the self-diffusion concentration gradient would have decreased faster. In 
Scenario 2, the reactors were quenched in the labelled CO2 used for the annealing atmosphere, 
so the cells without applied current density will have more time to ‘catch-up’. However, 
reactors from Scenario 1 and 3 might have experienced back-diffusion, as explained for the 
planar cells in Section 9.1.1. Differences in scenario 3 could be explained by the variation in 
electrolyte thicknesses between cells A and B at the investigated positions, which affected the 
migration and concentration gradients. 
No k and D values were extracted, as the diffusion solution developed by Crank [342] was no 
longer valid, i.e. the thin (20-300 µm) electrolyte did not satisfy the requirement to behave as 
a semi-infinite medium. For more rigorous modelling, more information would be required. 
In particular, the effect of the nickel electrode on the surface exchange rate both in terms of 
catalytic activity and extended surface area, as the effective surface exchange coefficient has 
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been shown to be higher for rough surfaces [408]. This also explained why the observed 
variation between applied current density and cells at UOCPD was very cell and position 
dependent. Whereas ‘standard’ diffusion experiments usually utilize a polished surface, the 
hollow fibre reactors were used as fabricated, so local variations in microstructure at 
electrode | electrolyte interfaces between the fibres were possible, which could have 
influenced the labelled electrolyses, as could the nickel part of the electrode. This was alluded 
to by the global electrochemical performance variation shown in the U-j plots for Scenario 2 
and 3. Local variations, induced by cell degradation, temperature gradients, gas composition 
(reactant depletion/product formation), current collection variation (e.g. axial losses) further 
complicated the analysis. Especially the latter will cause inhomogeneity within the current 
density distribution, axially as well as along the cross-section depending on current contact 
points, which would obviously influence sensitive measurement techniques such as the 
isotopic labelling. 
Hence, proposed future experiments with complex SOEs would require model predictions 
prior to the start of the experiment to deduce the optimal pre-anneal, anneal and post-anneal 
conditions. However, to establish the diffusion parameters, which would be required for such 
a model, the individual components YSZ, Ni+YSZ (for a well-defined geometry as used by 
for example Horita et al. [410]) need to be assessed first. 
9.2. Results of C18O2 exchange with YSZ 
The experiments in Section 9.1 were based on the assumption that the natural surface 
exchange would have been slow, extrapolating from oxygen self-diffusion results reported in 
the literature. However, as has been shown in the previous section, ‘wet’ (cf. Table 9-1) and 
‘dry’ CO2 exhibited much faster self-exchange than those results with 18O2. In order to further 
interpret the results obtained and provide better predictive simulation for future experiments, 
the complex geometries of the MT-SOEs were simplified and were disassembled into the 
individual components. Thus, the CO2 self-exchange on YSZ was studied in the first instance. 
Figure 9-9 shows exemplar depth profiles of oxygen-18 tracer diffusion into YSZ following 
self-exchange with C18O2. 
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Figure 9-9:  Exemplar oxygen-18 depth profiles of C18O2 exchange on YSZ at 700-900 °C, with symbols 
representing experimental data and lines the results of non-linear regression fitting of 
Crank’s diffusion model.lxxii 
The individual depth profiles were fitted in Matlab to the Crank diffusion (Equation (5-11)) 
and values for k and D were extracted. Initial parameters for the activation energy of diffusion 
and surface exchange were extracted. Using Equation (5-12) and a cooling rate of 
approximately 40 °C min-1, the effective duration was estimated. Solving iteratively, refining 
Ea in each step, the final effective cooling times were ca. 88, 108 and 129 seconds for 700, 
800 and 900 °C respectively. For the exchange times of 3600, 2400 and 1800 s, these would 
correspond to an error of 2.5-7.1%. Thus, the iterative correction was confirmed necessary. 
lxxii The 2nd point in each profile was the 1st point of the mosaic of the depth profiles along the cross-section of 
the YSZ sample. During sample preparation of the cross-section, the edge of the sample was roughened. Being 
close to the edge, this roughness was included within the 1st point of the mosaic, influencing the SIMS 
measurement. Hence, for data fitting, these 2nd points (filled symbols in Figure 9-9) were excluded. 
Furthermore, the exchange data at 900 °C does not fit the Crank’ solution as good as the other two temperatures; 
this is due to some gas starvation occurring during the exchange, to refine the estimates of k and D, Equation (5-
10) has to be solved with the boundary condition (Equation (5-9)) changing according to cg = ƒ(t). 
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The final iterations in Arrhenius form are shown in Figure 9-10 and the k and D values 
summarized in Table 9-3. 
 
Figure 9-10:  Arrhenius plot of oxygen tracer diffusion (D) and CO2 exchange coefficients (k) for 8 mol % 
YSZ. Data presented after 2nd iterative correction for effective exchange times with 
remaining error <0.08%. 
Table 9-3:  CO2 surface exchange coefficient (k) and oxygen tracer diffusion coefficient (D) for 
polycrystalline 8-YSZ samples at 700-900 °C. 
 k / cm s-1 D / cm2 s-1 
700 °C 3.13 (± 1.03) × 10-7 1.01 (± 0.01) × 10-8 
800 °C 8.35 (± 1.12) × 10-7 2.46 (± 0.26) × 10-8 
900 °C 5.59 (± 1.92) × 10-6 1.85 (± 0.79) × 10-7 
 
From the gradient of Figure 9-10, the oxygen tracer diffusion activation energy was 
determined to be 1.41 eV. This was slightly higher than values ranging between 0.82-1.11 eV, 
depending on temperature range and yttria dopant concentration, reported in the literature [55, 
341, 406, 411]. However, these studies were usually conducted on single-crystals, whereas the 
material used in this study was polycrystalline and defects within the structure were likely. 
Furthermore, a wider range of experimental points would be required to refine D. In general, 
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as shown in Figure 9-11, the diffusion coefficients fitted well with the values obtained from 
other studies. This confirmed that the tracer diffusion was independent of the exchange gas 
being oxygen or carbon dioxide.  
 
Figure 9-11:  Effect of temperature and exchange gas (oxygen or carbon dioxide) on diffusion coefficient 
(D) for different yttria-stabilized zirconia materials. pc and sc stand for polycrystalline and 
single crystal, respectively [55, 341, 406, 411]. 
The activation energy for CO2 surface exchange was determined to be 1.37 eVlxxiii in the 
temperature range 700-900 °C. Oxygen surface exchange activation energy for temperatures 
in excess of 650 °C have been determined to be 2.2 eV [55]. Furthermore, as shown in Figure 
9-12, exchange coefficients were 1-2 orders of magnitude higher for CO2 than for O2. Higher 
surface exchange rates for CO2 have also been reported by Joos [341], but that study was 
restricted to temperatures between 250-350 °C. This contrasts studies of pure zirconia 
reported by Keneshea and Douglass [412], which has no oxygen vacancies within the lattice. 
lxxiii As dissussed, the data at 900 °C might be affected by gas starvation. A repeat experiment (performed after 
submission of the original thesis) at 850°C with shorter exchange time (1200 s) resulted in a the tracer diffusion 
activation energy of 1.07 eV and a surface exchange energy for CO2 of 0.91 eV. 
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Figure 9-12:  Effect of temperature and exchange gas (oxygen or carbon dioxide) on surface exchange 
coefficient (k) for different yttria-stabilized zirconia materials. pc and sc stand for 
polycrystalline and single crystal, respectively [55, 341, 408, 411].lxxiv 
Similar effects have been observed for ‘wet’ oxygen exchange studies [407, 408, 413]. The 
common conclusion was that the water molecules could be adsorbed and their oxygen 
incorporated into the lattice without electrons being required. Under oxidising conditions, 
these electrons might be a limiting factor for the oxygen incorporation into YSZ for molecular 
oxygen [408]. 
Hence analogously, the reduction of carbon dioxide and incorporation of oxide ions into the 
lattice and subsequent exchange could be represented by two different mechanistic schemes. 
The first includes electrons and a unidentate carbonate outlined in Equation (9-8) to (9-12)lxxv 
lxxiv The surface exchange has been observed to be partial pressure dependent for dry O2 [408] with increasing k 
for increasing partial pressure. However, over the pressure range (15 to 100 kPa) for reported values, variations 
were small. Furthermore, the present study was conducted at 50 kPa and literature references at high 
temperatures were at pressures > 50 kPa; thus, if k was pCO2 dependent, the actual variation would be even 
greater. 
lxxv Note: The order of the intermediate reactions could also be reversed, i.e. first the simultaneous interaction 
with an electron and the vacancy followed by the addition of the 2nd electron. 
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and is applicable for self-exchange (all reaction operating at reversible conditions) as well as 
electrolysis current (migration includes directionality). The possible interactions with the 
lattice species is shown in Figure 9-13. Note: in the absence of an applied potential, the net 
electron flux will be zero and the self-diffusion mechanism would rely on the electronic 
conductivity of YSZ, which is low.  
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Figure 9-13:  Schematic of CO2 adsorption and ‘incorporation’ into YSZ lattice via surface oxygen and 
electrons. 
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In the 2nd potential mechanism, the initial surface incorporation and exchange could be 
facilitated without an electron flux (Equation (9-13) to (9-17)) forming a bidentate carbonate, 
which should be more stable than the unidentate species [414] presented in the 1st mechanism 
above, and shown schematically in Figure 9-14. This is similar to the mechanism deduced in 
Section 8.4.3 (Figure 8-19). 
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Figure 9-14:  Schematic of CO2 adsorption and ‘incorporation’ into YSZ lattice via oxygen vacancy. 
Upon electrolysis, charge (1 electron per step) could be transferred to these carbonate species 
to re-form lattice oxide ions and CO(g), according to Equation (9-18). Thus, the most likely 
reaction intermediate in CO2 electrolysis was a surface carbonate bound to the YSZ before the 
introduction of electrons. 
 +e +e2 2 23( ) ( ) ( ) ( ) ( )
− −− − − −→ + → +YSZ YSZ O YSZ g O YSZCO COO O CO O  (9-18) 
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Figure 9-15:  Schematic of CO2 electrolysis electron transfer steps after the formation of surface carbonate 
(outlined in Figure 9-14). 
To establish the role of water, the ‘wet’ CO2 exchange coefficient would be required, in 
conjunction with high temperature species adsorption studies to identify the reaction 
intermediates. Water either aids the surface adsorption of CO2 via the surface hydroxyl 
adsorption route or the two processes (water and CO2 adsorption and possible electrolysis 
reaction) are independent of each other at high temperatures, with surface exchange rates 
being the distinguishing factor between CO2 and H2O electrolysis.  
9.3. Chapter summary 
The effect of current on the oxide transport across the YSZ electrolyte in a Ni-YSZ|YSZ|YSZ-
LSM|LSM electrolyser has been studied. Albeit successful visualization of an oxygen-18 flux 
within the YSZ membrane was achieved, distinguishing between migration (electrolysis 
induced) and diffusional flux was difficult. This was firstly due to the fast surface exchange 
kinetics (even without applied currents) and secondly the complex geometry of the analysed 
electrolysers. 
The fast surface exchange of C18O2 on 8-YSZ was confirmed in self-diffusion exchange 
studies, resulting in exchange coefficients between 5.59 × 10-6 to 3.13 × 10-7 cm s-1 for 900-
700 °C, which are 1-2 orders of magnitude higher than those reported for oxygen self-
diffusion. Diffusion coefficients were found to be independent of the nature of the exchange 
gas and were ca. 1.85 × 10-7 to 1.01 × 10-8 cm2 s-1 in the range 900-700 °C. Results indicated 
two possible mechanisms for CO2 surface-exchange and subsequent electrolysis. The first 
relying on electrons and vacancies to facilitate surface adsorption and reduction 
simultaneously. In the second mechanism oxygen vacancies provided a pathway for surface 
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chemical adsorption forming a bidentate carbonate and subsequent self-exchange without the 
requirement of a local electron flux; electrons were only required for the reduction of the 
surface species to carbon monoxide during electrolysis conditions. 
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10. Techno-economical evaluation 
 
Chapter summary 
This chapter evaluates the techno-economic feasibility of the solid oxide electrolyser system. 
First, a carbon monoxide production plant with a capacity of 1 t CO h-1 was evaluated, 
indicating that at current electricity prices the production costs would be £260 (t CO h-1)-1. 
The second scenario was a cyclic SOE/SOFC energy storage module, highlighting the storage 
cost per kWh were original £ per kWh and operating current density dependent. Comparison 
with hydro-electric storage plants, indicated a techno-economic advantage for the SOE/SOFC 
energy storage system. 
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10.1. Different deployment options for solid oxide electrolyser technology 
Different operating scenarios exist, which could employ solid oxide electrolyser technology: 
• Splitting CO2 to produce CO (and O2)lxxvi 
• Splitting H2O to produce H2 (and O2) 
• Splitting CO2 and H2O to produce syngas (and O2) 
• Reversible operation of SOE/SOFC for short-term energy storage either with H2/H2O 
or CO/CO2 
The optimum operating conditions of each system would require to be optimised to minimise 
the operating (OPEX) and capital (CAPEX) costs.  
10.1.1. Case study 1: Carbon monoxide production plant 
To give the reader an indication of the complexity and system integration required, a 
preliminary costing analysis of a CO2 electrolyser to produce CO will be outlined to highlight 
areas for future research, if electrolyser technology was to be employed on a systems level. 
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Figure 10-1:  Flow sheet of CO2 electrolyser to produce carbon monoxide 
lxxvi This option could also be used as an alternative technology to conventional CCS; i.e. instead of storing the 
captured CO2 underground, it would be used to producing a resource chemical, which can be reacted further, or a 
long-term storage molecule. 
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The layout of a hypothetical plant to split 1 tonne of CO2 per hour is shown in Figure 10-1, 
with the operating conditions and assumptions outlined in Table 10-1. Detailed calculations 
can be found in Appendix Q. 
Table 10-1: Plant specification for 1 tonne of CO2 splitting per hour  
Conditions Values Reference and comments 
Operating temperature 800 °C  
Cell potential difference 1.5 V  Ca. thermo-neutral potential difference; i.e. isothermal 
operation. 
Current density -1 A cm-2 Best performing micro-tubular reactor design of the present 
study (nickel wire current collector – Section 7.2). 
Molar reactant flow / 
kmol CO2 h-1 
22.7 Plant production capacity: 1 t CO2 h-1 
Utilization of CO2 60% The mole fraction for onset of chemical carbon formation is ca. 
0.9 at 800 °C.   
Cathode gas  90 / 10 CO2/CO  CO co-fed to prevent re-oxidation of the cathode. CO2 feed is 
assumed to be free of contaminants. 
Anode gas Air O2 by-product presently not recovered. 
Reactant gas supply 
temperatures 
25 °C  
Gas pre-heated before 
electrolyser 
Yes  
Operation pressure 1 bar  
Plant life time 20 years [11] 
Electrolysis stack life 5 years [11] 
Maintenance 10 % of the 
capital cost 
[11] 
 
The production costs per tonne of CO2 splitting are shown in Figure 10-2, indicating that the 
main contribution towards the production costs are the operating costs of the electrolyser. At a 
current price of 9.6 pence kWh-1 (for a medium sized plant [415]), the price per tonne of CO2 
would be £260, with ca. 94 % of this being associated with the operating costs, of which 74% 
are electrolyser related (Figure 10-3 shows the individual split of operating costs, excluding 
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CO2 feed costs and maintenance). However, even if the plant was run at open circuit potential 
difference (ignoring the infinite area of the electrolyser), the cost still would £180 per tonne of 
CO2. The price of the CO2 feed cost could be lower, if legislation were to increase the 
economic penalty of CO2; however, the economic feasibility will still be determined by the 
electricity price. 
 
Figure 10-2:  Effect of electricity cost on production cost per tonne of CO2  
 
Figure 10-3:  Split of energy (electricity) requirement per tonne of CO2 per hour with 2.2 MWh total 
energy operating expenditure. Note: Blower energies are negligible compared to the energy 
requirements of the other major three operation units.  
Comparing the technology with CCS, this technology would be required to compete with 
long-term CO2 transport and storage costs [416] (assuming capture cost are the same). Off-
shore transport has been estimated to be between £8-45 per tonne of CO2, depending on mode 
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of transport, volume and distance, and storage costs between £2-18 per tonne of CO2 
depending on the storage field. Thus, for ‘high risk’ fields, the electrolyser would require to 
compete against £63 (+ £20 for CO2 capture), which would require an electricity cost of 2 
pence per kWh-1. However, adding the CO product value (and O2 by-product value if the 
sweep gas was to be separated), slightly higher electricity costs could be sustained. 
 
Figure 10-4:  Effect of electricity price on production cost per tonne of CO2, with 25 % intermittent usage. 
Figure 10-4 shows the production costs with intermittent operation (25% operation only), 
which leads to a 4-fold increase in contribution of the capital costs, indicating that even for 
free electricity, production costs are higher than the worst case scenario for CCS. Hence, for 
peak-shaving the solid oxide system has to be run cyclically (fuel cell and electrolyser mode) 
to utilize the capital investment.  
Factors not included in the discussion above are thermal integration with nuclear plants [298, 
299, 300], the general need for adequate plant systems integration and the potential to obtain 
concentrated oxygen as a valuable by-product at the anode, which would be useful for oxy-
fuel combustion plants. 
10.1.2. Case study 2: SOE/SOFC for reversible energy storage 
As discussed for the carbon monoxide production plant, intermittency increases the 
production cost, as the equipment is not fully utilized. For successful technology deployment, 
the time during which the equipment is idle has to be minimised; thus, for the example of 
‘cheap’ electricity peak shaving, the system has to be run cyclically at peak energy demands 
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to produce electricity in fuel cell mode to decrease redundancy of the equipment. This energy 
storage operation scenario will also decrease the auxiliary operating costs, as no liquefaction 
will be required, because the CO ‘rich’ gas would be the feed gas for the fuel cell mode and 
the CO ‘lean’ gas the feed to the solid oxide electrolyser (Figure 10-5). This scenario would 
require comparison to conventional electricity storage technologies, such as pumped-hydro; 
i.e. round-trip energy efficiency and investment costs. 
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Figure 10-5:  Schematic of SOE/SOFC cyclic energy storage plant. Green dashed lines are in use during 
energy storage, red dotted lines are in use during power re-generation.  
Figure 10-6 shows the split of capital expenditure for individual equipment of the proposed 
CO production plant, highlighting that 70% of the CAPEX are associated with the electrolyser 
unit, followed by 20% for CO2/CO separation. Thus, in case of the cyclic SOFC/SOE energy 
storage module, it seems reasonable to assume that the CAPEX will be associated mainly 
with the electrolyser. Similarly, the operating costs associated with the auxiliary equipment 
(furnace and blowers) will be small compared to the round-trip efficiency penalty of the 
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electrolyser/fuel cell. Therefore, the optimisation for cyclic energy storage cost will take into 
account only the electrolyser OPEX and CAPEX. 
 
Figure 10-6:  Split of investment cost over individual units for plant splitting 1 tonne of CO2 per hour with 
£3,000,000 total capital expenditure (Case study 1). 
The round-trip efficiency was defined according to Equation (10-1):  
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The cyclic energy storage capacity of the solid oxide system was defined by: 
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The electrolyser cost (installed cost of 1 electrolyser and 3 replacement stacks) were £17,300 
per m2. Figure 10-7 shows the round-trip efficiency together with the capital expenditure per 
cyclic kWh stored. 
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Figure 10-7:  Effect of current density on round trip efficiency (CO2/CO 70/30 feed at 800 °C) and 
electrolyser CAPEX. 
The cost per cyclic kWh stored was defined as the sum of the operational and capital 
expenditure, as shown in Figure 10-8: 
( )
( )-1 1/ £ kWh 1
 
= × − + 
Φ 
storage cost original price electrolyser CAPEX per kWh j
j
(10-3) 
 
Figure 10-8:  Effect of current density and original electricity price on storage cost per kWh lxxvii. 
lxxvii The Dinorwig hydro-electric pumped storage power station [452] has an efficiency of ca. 72%. The 
maximum yearly energy output capacity is 920 GWh; hence for a construction cost of £425 million 
(commissioned in 1984) corresponding to ca. £1,100 million in 2015, the CAPEX of the plant over 100 years of 
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Using the plant sized in Section 10.1.1 (1 t CO2/CO change h-1), the maximum cyclic energy 
output would be 4000-1050 GWh depending on the current density. Figure 10-8 shows that 
the Dinorwig hydro-electric power plant in Wales has much higher energy storage costs 
compared to the electrolyser, which would still hold true, even if a 10% extra penalty would 
be introduced to account for the auxiliary equipment (blower, furnace and heat exchangers). 
Thus, cyclic electrolyser/fuel cell mode would be an economically feasible alternative to 
hydro-electric storage, especially in view of the potentially damaging environmental impacts 
of hydro-electric storage power plants and often remote locations.  
10.2. How far off from reality deployment is the micro-tubular technology? 
As shown in Chapters 7 and 8, the achievable current densities were already in the range of 
assumptions made within Sections 10.1.1 and 10.1.2. However, as shown in Figure 10-7, the 
round-trip efficiencies still require improvement to decrease the energy penalty further. 
The performance analyses revealed that for the best performing cells, the performance was 
mainly dominated by the ohmic resistance (73-86% depending on operating temperature). Of 
this ohmic resistance, a major contributor was still the current collector; i.e. the feeding wires 
alone contributed ca. 34-39% towards the total resistance. The current collection was also the 
main contributor towards production costs of the electrolyser units (Appendix O), 
highlighting the immaturity of the stack-design.  
Thus, with improving the design of implementing a single-cell test reactor into a multiple 
cell-stack, the individual cell current collector design is also expected to be improved, which 
would increase individual cell-level performance, while simultaneous production costs will be 
decreased. 
Conversions were currently 13% of the best performing MT-SOE, which was another artefact 
of the single-cell experimental set-up. However, as U-j performance relationships did not 
reveal any mass transport limitations, yet, higher conversions are expected to be achievable 
within the reactor systemlxxviii. This will also be investigated in stack-design tests. 
To use ‘cheaper’ heat energy, operation below the thermo-neutral potential difference would 
be ideal. Thus the window for degradation would lie between the thermo-neutral and open 
operation would be 0.46 pence kWh-1.  
lxxviii The macro-tubular reactors achieved 30-48 % conversions without severe mass transport limitations. 
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circuit potential differences. To operate at say -1000 A m-2, the initial operating potential 
difference would be 0.85 V, with the thermo-neutral potential difference around 1.46 V, the 
degradation window is 0.61 V at 800 °C for CO2 electrolysis. Over the 5 year predicted life-
time of a stack, the allowed degradation would be ca. 0.015 mV h-1.  
10.2.1. Digression: Preliminary long-term degradation 
Figure 10-9 shows preliminary results of a long-term test of a single MT-SOE, highlighting 
that degradation increases with increasing current density and the lowest degradation rate was 
still 40 times faster than the proposed 5-year life-time stack degradation. Analysis of 
differences in impedance spectra (Figure 10-10) showed the main changes at ca. 100 Hz 
(associated with the LSM-YSZ|LSM oxygen electrode) and around 1 Hz (gas diffusion). 
Scanning electron microscopy revealed that delamination of the LSM-YSZ|LSM electrode 
occurred (Figure 10-11).  
 
Figure 10-9:  Effect of current density and operation duration on cell potential difference degradation at 
750 °C and 80/10 CO2/H2.  
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Figure 10-10:  Effect of electrolysis duration on ∆Ż’ at 750 °C with 80/10 CO2/H2.  
 
Figure 10-11: Scanning electron micrograph of Ni-YSZ|YSZ|YSZ-LSM|LSM cross-section after ca. 200 
hours of operation at 750 °C with 80/10 CO2/H2; cf. Figure 10-9 for performance.  
Future degradation tests will investigate whether there is a critical current density threshold, 
below which degradation of the MT-SOEs could be in the range of the proposed 0.015 mV h-1 
over longer operating times. Furthermore, the effect of cyclic operation between SOE and 
SOFC modes will be addressed, which has been suggested by Graves et al. [242], to eliminate 
any degradation for steam electrolysis. For this, the net current passed will be critically 
reviewed; i.e. will ‘re-activation’ of the solid oxide cell during fuel cell mode require the same 
total charge as than the original electrolysis, i.e. would ‘no’ degradation production plants of 
say CO/H2 be feasible or would reversing degradation consume all the fuel produced. This 
assessment is required to assess if long-term storage in chemical bonds is actually viable, or if 
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‘no degradation’ solid oxide systems can be operated only cyclically, so provide short-term 
energy storage only.  
10.3. Chapter summary 
This chapter studied two different case studies to employ solid oxide electrolyser technology. 
The first assessed the possibility to produce 1 tonne of CO per hour, which can be stored for 
long-term energy storage or processed further as a chemical feedstock. Production costs at 
present electrolysis prices were £260, dominated by the electrolyser energy costs at fixed 
isothermal potential difference operation.  
The second option was cyclic energy storage using both SOE and SOFC capability of the 
reactor. Minimum electricity energy storage costs were between £0.008 to £0.02  per kWh (at 
corresponding current densities of up to ± |1000| A m-2) depending on original electricity 
prices. At all electricity price scenarios, the cyclic SOE/SOFC storage scenario was predicted 
to be less costly than conventional hydroelectric power plants. 
Stack design and long-term stability testing have been identified as the main barriers towards 
deployment of the micro-tubular solid oxide cell design. 
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11. Conclusions and Future Work 
 
This chapter will outline the contributions made to advancing knowledge in the field of 
(tubular) electrolysers and the kinetics of CO2 and/or H2O electrolysis. Recommendations for 
future work will be discussed.  
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11.1. Conclusions 
11.1.1. Development, fabrication and characterization of solid oxide electrolyser 
(1) “Develop a suitable technique to fabricate solid oxide reactors of the form  
Ni-YSZ|YSZ|YSZ-LSM|LSM, which can be run both as an electrolyser and as a 
fuel cell, minimising the fabrication steps required. 
(2) Characterize the physical properties and microstructure of the fabricated solid 
oxide reactors.” 
The importance of having electrode-supported structures has been highlighted, both in terms 
of global performance, as well as reactor fabrication costs including the resulting raw material 
costs. Furthermore, micro-tubular reactors have a higher volumetric current density. Hence, 
novel micro-tubular solid oxide electrolysers of the form Ni-YSZ|YSZ|YSZ-LSM|LSM have 
been fabricated and tested for CO2, H2O and co-electrolysis.  
The fabrication consisted of co-extrusion phase inversion and co-sintering of a NiO-YSZ|YSZ 
precursor fibre, followed by brush-coating with the YSZ-LSM|LSM outer electrode and a 
second sintering step, both easily scalable processes. This decreased the fabrication steps 
required, so would decrease manufacturing costs, which is required to make tubular reactor 
designs competitive with more mature, planar designs. Gas-tight electrolytes with thicknesses 
of 10-50 μm were achieved. Finger-like voids extended radially into the Ni-YSZ electrodes to 
the extent of 39-49 % of their ca. 210-250 μm total thickness, thereby decreasing mass 
transport resistances, while maintaining overall mechanical stability and allowing radial 
electron transport, whereas sponge-type porosity within the active electrode layer (located 
near the electrolyte | electrode interface) increased the number of electrochemical reaction 
sites (triple phase boundaries). 
11.1.2. Initial electrochemical performance of solid oxide electrolyser for CO2 splitting 
(3) “Descriptions of the electrochemical performance (e.g. current density-cell 
potential difference, charge yield) of CO2 reduction as functions of the operating 
temperature, electrolyte thickness, feed gas composition, with optimisation aiming 
to decrease ohmic and activation potential losses, so minimising specific electrical 
energy consumptions.” 
Between 700-800 °C and 1.5 V applied cell potential difference (ca. thermo-neutral potential 
difference), current densities of -0.25 to -0.68 A cm-2 were achieved for 1st generation current 
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collection (silver wire and paste) depending on the electrolyte thickness and operating 
temperature of the MT-SOEs, with increasing performance for decreasing thickness and 
increasing operating temperature. In elecrolyser mode, the reactant utilization within the 
micro-tubular reactor was only ca. 10%; thus, no differences in electrochemical performance 
for different reactant/oxidant ratios was observed. 100% charge yields were confirmed by 
mass spectrometry for cell potential differences up to 1.7 V and over 10 hours at constant 
current, no degradation caused by carbon formation was detected. 
11.1.3. Optimization of electrochemical performance 
(4) “Optimisation of the electrochemical performance by varying the current 
collection technique, minimising ohmic potential losses, and inclusion of co-
dopants into the cathode to minimise cathode activation polarization and mitigate 
potential carbon deposition.” 
The importance of the design of the inner electrode current collector has been elucidated. 
Reactors employing silver wire resulted in the lowest ohmic area-specific resistances (0.53-
0.57 Ω cm2) compared to nickel wire-based (0.80-0.92 Ω cm2) due to the higher electronic 
resistance of nickel. However, the lower mechanical strength of silver required the use of 
silver conductive paste to enhance connection with the lumen. This paste was shown to 
increase the electrode area-specific resistance, which was attributed to partial surface pore 
blockage according to microstructural analysis. Thus, with only a coiled nickel wire as the 
current collector the global reactor performance was increased by ca. 150-250 % (800-700 
°C) relative to the silver wire + paste current collector design, as the electrode polarizations 
were lowered by 77-79 % (800-700 °C), so that individual cells exceeded -1.0 A cm-2 at 1.5 
V. The potential losses in the highest performing reactors were dominated mainly by the area 
specific resistance (73-86 %), which was split for 800 °C (700 °C) into ca. 10 (20) and 39 (34) 
% for electrolyte and feeding wire resistance. The lumen current collector contribution was 
estimated to be 23 (19) to 44 (38) %, depending on radial current leakage into the Ni-YSZ 
electrode, which would decrease the axial potential loss, due to lower axial resistance for 
combined electronic conduction through nickel wire and porous Ni-YSZ electrode. The 
remaining potential losses were deduced to be related to the LSM-YSZ|LSM electrode current 
collection and its contact losses, as the inner electrode contact was not improved further by 
the addition of nickel paste, nickel or copper surface deposition. Noticeably, these additives 
had little negative effect on the performance compared to the silver paste, which was 
attributed to larger contact angles and so decreased surface wetting, but at the same time, no 
 255 
Chapter 11: Conclusions and Future Work 
catalytic enhancement was observed. This was due to the infiltrates not penetrating into the 
electrode structure to enhance electrochemical reactions occurring within the active functional 
layer close to the electrolyte | electrode interface. Inclusion of tin into the Ni-YSZ electrode 
revealed a decrease in electrochemical performance (13% increase in electrode polarization) 
due to the formation of bimetallic tin-nickel species, whereas the effective inhibition of 
carbon formation still has to be verified in longer-term testing. 
11.1.4. Electrochemical performance comparison of CO2, H2O and co-electrolysis 
(5) “Extending objective (3) to compare CO2 with H2O and co-electrolysis and 
elucidate the role of (electro-)chemical reactions in co-electrolysis.” 
The extent on performance variation of different current collector designs was dependent on 
the reactant gases. CO2 electrolysis was affected more by the silver paste than steam or co-
electrolysis, as removal of the paste led to 93 % decrease in area specific electrode resistance 
compared to 81% for H2O and co-electrolysis. Thus, reactors with improved current collector 
(nickel wire only) led to 137 % increase of global performance for CO2 electrolysis, whereas 
steam and co-electrolysis increased only by ca. 60% on average. Generally, the electrode 
polarization difference between CO2 and steam electrolysis ranged between 382 to 62 % 
depending on current collector design, whereas co-electrolysis was usually found to be of 
similar performance to that of steam electrolysis. Therefore, co-electrolysis is most likely a 
combination of H2O electrolysis followed by chemical reaction of the CO2 with the electro-
generated H2. 
This thesis aimed at fitting individual pieces of evidence jigsaw together to support the co-
electrolysis hypothesis of the combination of (electro)-chemical processes: 
• Adsorption modelling indicated that H2O adsorption is four orders of magnitude faster 
than CO2 adsorption at 822 °C.  
• Binary diffusion coefficients of CO2 and H2O at 822 °C with respect to the helium 
carrier gas were 5.57 × 10-4 and 8.17 × 10-4 m2 s-1, i.e. 47 % increase for steam. H2 
aided diffusion of CO2 (
2 2−H CO
D = 6.24 × 10-4 m2 s-1 and 
2 2−H H O
D = 8. × 10-4 m2 s-1). 
However, this was relevant only in the finger-like void porosity, not for the sponge-
type structure at the electrolyte | electrode interface, which was where the active 
functional layer was predicted to be. 
• Knudsen diffusion coefficient of CO2 and H2O for a 400 nm pore were 0.969 × 10-4 
 256 
Chapter 11: Conclusions and Future Work 
and 1.52 × 10-4 m2 s-1, i.e. 57 % increase for steam.  
• The effect of silver paste, most likely causing partial surface blockage, was more 
severe for CO2 electrolysis. Furthermore, the thermodynamic water gas shift 
equilibrium was not reached in co-electrolysis with silver, indicating inhibition of CO2 
diffusion into the bulk of the electrode. 
However, electrolysis with differently oxygen-labelled reactants (C18O2, H216O) was 
inconclusive, as the oxygen labels swapped. This was not facilitated within the electrolysis 
reactor, as again for the silver paste case, the thermodynamic (reverse) water gas shift reaction 
equilibrium was not reached, while more than ca. 40 % of the labels were exchanged. Further 
studies showed that the labels were swapped within the alumina feeding tube, possibly via 
sequential surface interactions involving hydroxyl groups. No net gas composition change 
was detected when reacting H2/CO2 or CO/H2O via the (reverse) water gas shift reaction (in 
the absence of a catalyst); i.e. the reaction pathway leading to exchange of oxygen labels must 
(in part) be different from the homogeneous reverse water-gas shift reaction mechanism. 
For a potential zirconia feeding tube (10.5-YSZ) oxygen labels were also swapped, possibly 
due to either the surface hydroxyl mechanism or self-exchange-diffusion into the YSZ oxide 
lattice. Quartz was identified as being inert with respect to oxygen-label swapping; however, 
thermal expansion mismatch between quartz and the YSZ-based electrolyser precluded its use 
as feeding tube due to sealing difficulties. 
11.1.5. Isotopically labelled tracer diagnostics for solid oxide electrolyser 
(6) “Development of novel diagnostic techniques using isotopically-labelled feed 
gases to gain insight into reaction kinetics and reactor operation. “ 
The effect of current on the oxide transport across the YSZ electrolyte in a Ni-YSZ|YSZ|YSZ-
LSM|LSM electrolyser using O-18 tracer has been studied for the first time. Although 
successful visualization of an oxygen-18 flux within the YSZ membrane was achieved, 
distinguishing between migration of oxide ions in the electric field and diffusional flux was 
difficult. This was due to: 
• fast surface exchange kinetics, even without applied currents; 
• complex geometry of the electrolysers (e.g. 3-D porous electrodes, radially dependent 
current densities for the fibres, electrolyte thickness inhomogeneity, local current 
collection variation). 
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Self-diffusion exchange studies of 8-YSZ confirmed fast surface exchange as a genuine 
feature for CO2 with exchange coefficients between 5.59 × 10-6 to 3.13 × 10-7 cm s-1 for 900-
700 °C, which are 1-2 orders of magnitude higher than what has been reported for oxygen 
self-diffusion. Diffusion coefficients were found to be independent of the nature of the 
exchange gas (ca. 1.85 × 10-7 to 1.01 × 10-8 cm2 s-1 in the range 900-700 °C), as each resulted 
in the injection of oxide ions into YSZ. Two different mechanisms of CO2 self-
diffusion/electrolysis have been proposed. The first mechanism involved initial surface 
adsorption followed by two subsequent electron transfer steps and the incorporation into the 
lattice via an oxide vacancy for both self-exchange and electrolysis. The second mechanism 
facilitated chemical adsorption forming a bidentate carbonate via an oxide vacancy, which 
could lead to subsequent self-exchange without the requirement of a net local electron flux. 
Two sequential electron transfer steps would be required to split the adsorbed carbonate into 
carbon monoxide and directionally inject an oxide ion into the lattice driven by applied 
electrolysis current. 
11.1.6. Techno-economical evaluation and preliminary long-term durability testing 
(7) “Descriptions of the time dependences of electrochemical performance, chemical 
and microstructural integrity to quantify longer-term durability of single reactor 
units. 
(8) Quantitative estimates of the operating and capital costs as a function of end-
products (e.g. H2 and / or CO) to evaluate the techno-economic feasibility of the 
reactor system developed.”  
A techno-economic analysis for long-term energy storage producing carbon monoxide at a 
rate of 1 tonne per hour would result in a minimum selling price to industry of £260 (t CO)-1 
at current (industry) electricity prices of £0.10 (kW h)-1. Cyclic short-term energy storage 
using a solid oxide reactor in both electrolyser (energy) and fuel cell (power re-generation) 
modes could be realized with cyclic efficiencies of 81-52 % in the current range of 1000-3000 
A m-2. Minimum electricity storage costs were £0.008 to £0.02 per kWh depended on the 
original electricity prices, but were lower than comparable energy storage using pumped 
hydro-electric power plants (£0.02 to £0.07 per kWh). From preliminary long-term constant 
current electrolysis measurements, a minimum degradation rates of  0.58 mV h-1 was 
detected, which was attributed to LSM-YSZ|LSM delamination as confirmed by 
microstructural analysis. 
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11.2. Future work 
The effect of co-catalyst infiltration on electrolysis performance was investigated, but due to 
the non-porous nature of the NiO-YSZ|YSZ outer surface, no penetration into the bulk of the 
electrode was achieved. Thus, to study the effect of electro-catalyst material on 
electrochemical kinetics, porous YSZ|YSZ precursor fibres are being fabricated such that the 
infiltrate will reach the active functional electrode layer. 
The major immaturity of the hollow fibre reactors was the stack design. Future experiments 
would need to address the assembly of multi-tubular stacks addressing key points such as: 
• bulk gas flow distributions 
• gas conversion and relating current density variations along the stack 
• inter-connection between fibres and global current feeding/collection. 
The long-term durability of the hollow fibres needs to be addressed further, both on single cell 
and stack levels. To study the effect of degradation on the cell microstructure, computed 
tomography studies are proposed to quantify, for example, the extent of delamination. 
Initially, these studies will involve a comparison of pre- and post-operation cells, but it is 
envisaged that eventually in-situ CT-scans could provide further information about the 
degradation mechanism. The advantage on decreasing degradation by cyclic operation 
between SOE and SOFC modes should also be investigated. 
The isotopic exchange work with ‘dry’ C18O2 will be extended for ‘wet’ conditions, to study 
the effect of water on the surface exchange kinetics of carbon dioxide and to elucidate further 
the role of water in C18O2 - steam co-electrolysis.  
Having characterized the individual constituents, this investigation would then be extended to 
study ‘simple’ 2-D interfaces; i.e. electronic conductor on ionic conductor, with and without 
applied cell potential differences. To fabricate these electrode patterns, ceramic/metallic inkjet 
printing is proposed, enabling the manufacture of reproducible and well-defined structures. 
Together with detailed electrochemical characterisation, this is aimed at providing an overall 
picture of the kinetics per triple phase boundary site on the micro-scale. Using computational 
modelling, the ideal electrode structure could be predicted on the macro-scale incorporating 
the effect of the electrical potential distribution within the electrode. Again, using additive 
manufacturing techniques such as 3-D inkjet printing, these ‘model’ structures can then be 
fabricated, essentially facilitating an ‘electrode-by-design’ approach. This will ease future 
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computational modelling analyses, i.e. the structure will be known before the experiment, 
rather than through destructive analyses techniques post-operation, as well as providing a fast, 
easily scalable and reproducible manufacturing method. 
The proposed 3-D inkjet printing technology can also be applied to the hollow fibre reactors 
by printing the LSM-YSZ|YSZ electrode onto the NiO-YSZ|YSZ precursor such that the 
outer electrode will be more reproducible. 
Furthermore, little has been reported on the surface species of CO2, CO, H2 and/or H2O on 
ceramics at elevated temperatures (> 700 °C). Fourier-transform infra-red spectroscopy could 
be used to study the different surface species as a function of: 
• temperature, 
• applied surface polarization, 
• single material or material interfaces. 
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 13. Appendices 
13.1. Appendix A: Thermodynamic data 
Species ∆Hformationlxxix  
/ kJ mol-1 
S0 
/ J mol-1 K-1 
∆Hvaporization  
/ kJ mol-1 
Temperature 
range / K 
Heat capacity (Equation (2-11))/ J mol-1 K-1 Reference 
A B C D E 
CO2 -393.52 213.79  298-1200 24.99735 55.18696 -33.69137 7.948387 -0.136638 [417] 
1200-6000 58.16639 2.720074 -0.492289 0.038844 -6.447293 
CO -110.53 197.66  298-1300 25.56759 6.096130 4.054656 -2.671301 0.131021 [417] 
Carbon N/A 6.201  300-1800 10.68     [418, 419] 
CH4 -74.87 186.25  198-1300 -0.703029 108.4773 -42.52157 5.862788 0.678565 [417] 
O2 N/A 205.15  100-700 31.32234 -20.23531 57.86644 -36.50624 -0.007374 [417] 
700-2000 30.03235 8.772972 -3.988133 0.788313 -0.741599 
H2O -285.83 69.95 40.65  
(at 373.15 K) 
298-phase change  -203.6060 1523.290 -3196.413 2474.455 3.855326 [417, 420] 
phase change-1800  30.09200 6.832514 6.793435 -2.534480 0.082139 
H2 N/A 130.68  298-1000 33.066178 -11.363417 11.432816 -2.772874 -0.158558 [417] 
1000-2500 18.563083 12.257357 -2.859786 0.268238 1.977990 [417] 
ZrO2 -1097.46 50.34  298-1478 69.20001 8.548290 -0.862921 0.246374 -1.382767 [417] 
Zr N/A 38.99  298-1700 29.01663 -12.55597 20.74954 -5.914000 -0.157249 [417] 
CeO2 -1088.7 62.16  298-1800 71.00248 0.008451 -0.000106   [421, 422] 
Ce2O3 -1796.2 149.87  298-1500 107.51 0.0333    [421, 423] 
lxxix Given for the standard states, which is gaseous apart from carbon, ZrO2, Zr (all solid) and H2O (liquid). 
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13.2. Appendix B: How to define current density 
In order to compare the effective performances of different reactors, the achieved current has 
to be normalised with respect to reactive sites. In the case of the solid oxide systems, these 
reactive sites would be classed as the triple phase boundary (TPB), consisting of an electronic 
conducting phase (to provide electrons), an oxide ion conducting phase (to transport oxide 
ions from and to the reactive sites) and pores (for the gas transport), as shown schematically 
in Figure 13-1. However, the TPB is generally difficult to quantify for an entire cell, although 
notable research in the area of quantifying the TPB in solid oxide system has been conducted 
by Shearing et al. [92, 93].  
Triple phase 
boundary (TPB)
CO out 
   
CO2 in       
CO2 in / CO out
Electrons
Oxygen ions
Active reaction site
Electronic conductor
Ionic conductor
 
Figure 13-1:  Schematic representation of triple phase boundary (TPB) 
Thus, as a compromise, the current density is usually defined with respect to the (projected) 
electrode area (13-1). For planar cells this is quite straight forward, as the electrode areas stay 
constant with electrode/electrolyte thickness. However, for tubular cells, it depends which 
radius is chosen to calculate the projected area (Table 13-1). Obviously, the smaller the radius 
the smaller the area and the larger the current density, which led to researchers in the tubular 
solid oxide field adopting the radius of the inner lumen (radius of surface of inner electrode) 
to calculate the current densities. Thus, for comparison purposes, all current densities (and 
impedance spectroscopy values) within the above thesis are given with respect to the inner 
radius (Area A), except when otherwise specified and for overpotential calculations, where 
the losses when integrated individually with respect to thickness variation anyway.  
 currentcurrent density
projected electrode area
=   (13-1) 
Technically, the area based on the log mean of the electrolyte (Area C) would be the most 
appropriate area, as most of the active sites are close to the electrode/electrolyte interface. If 
303 
 
Appendices 
 
the reader wishes to compare the presented results with other work using different definitions, 
different projected areas and correction factor are outlined in Table 13-1. Note: the micro-
tubular reactors have nearly identical projected areas (applicable for Area A & C), despite 
different electrolyte thicknesses. Thus, for the different fibres within a batch all results can be 
compared directly; i.e. performance variations are a genuine result of the different thicknesses 
and not artificially created by choosing a specific projected area; i.e. the same trends would be 
observed if Area A or C were chosen, although absolute current density values would vary by 
a factor of ca. 0.64 for all fibres. Comparison cross-batch is also possible based on the 
different electrode areas, although caution should be applied, as different microstructures 
might prevail. 
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 Table 13-1:  Different projected area options to calculate the current density for solid oxide reactors of tubular geometry.  
 Micro-tubular Macro-tubular Remarks 
Batch 4 Batch 5 Batch 6 1st gen. 2nd gen. 
rlumen / μm 430 410 410 2390 4770   
tcathode /  μm 250 230 210 220 180 negligible 
telectrolyte /  μm 19 26 49 34 39 800 1600 
tanode /  μm 40 40 40 80 
Lelectrode / mm 15 15 15 15 15 60 20 
Area A / cm2 0.405 0.405 0.405 0.386 0.388 9.01 5.99 Inner cathode surface: 2π= ×l eArea A r L   
Area B / cm2 0.643 0.624 0.599 0.596 0.561 --- --- Cathode/electrolyte interface: 
( )2π= + ×l c eArea B r t L  
Area C / cm2 0.652 0.636 0.622 
 
0.612 0.579 10.5 6.96 Log mean area across the electrolyte only: 
2
ln 1
π ×
=
 
+ + 
e e
e
l c
t LArea C
t
r t
 
Correction 
factor 
0.62 0.64 0.65 0.631 0.670 0.86 0.86 Correction factor: Area A / Area C 
rl   tc   te  ta 
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 13.3. Appendix C: Map of key research institutions for solid oxide electrolyser development 
 
 
Map was constructed from data in Figure 3-1 with respect to number of publications per institution.  
University of  
St. Andrews, UK 
Imperial College 
London, UK 
Forschungszentrum Jülich, Germany 
EIFER
1
, Germany 
Technical University of Denmark (DTU), Denmark 
CEA Grenoble
2
,  
France 
Tsinghua University, China 
Tokyo University, Japan 
University of South 
Carolina, USA 
Boston University, USA 
Lawrence Berkley 
National Laboratory, 
USA 
Idaho National Laboratory, USA 
Kyushu University, Japan 
Some national collaborations 
through the National Institute 
of Advanced Industrial 
Science and Technology 
(AIST) 
The University of 
Hong Kong, China 
Hefei research cluster
2
, China 
3
Hefei research cluster includes: 
• Hefei University of Technology 
• University of Science and 
Technology of China 
1
 EIFER= European Institute for Energy Research 
2
 CEA = Comissariat à l’énergie atomique et aux énergies alternatives   
              (French Alternative Energies and Atomic Energy Commision) 
University of Pennsylvania, USA 
Chinese Academy of Science, China 
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 13.4. Appendix D: Equivalent circuit diagram solid oxide electrolyser 
 
CDL,C 
Rvoided electrolyte
Rcathode 
Rfaradaic, C 
Current in
je,C
jC
Relectrolyte
CDL,A 
Rvoided electrolyte
Ranode 
je,A
jA
Rfaradaic, A 
Current inRvoided electrolyte >>Rcathode 
Rvoided electrolyte >>Rcathode 
Equilibrium potential barrier
Reaction transferring current from electronic to ionic phase
 
Figure 13-2:  Equivalent circuit diagram for porous cathode | electrolyte | porous anode solid oxide electrolyser [97]. 
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13.5. Appendix E: Volumetric current density 
The volumetric current densities calculated in Figure 3-16 were based on triangular or square-
packed stacks (Figure 13-3). The calculations are outlined below. 
    
Figure 13-3:  (A) triangular-packed and (B) square-packed stacks. 
For a triangular-packed stack, the volume of the equilateral triangle, with side length = 2r, is: 
 2 3=triangularV r L  (13-2) 
The ‘geometric reaction’ area of a cylindrical shaped micro-tubular reactor is: 
 2π=cellA rL  (13-3) 
However, within the volume of the triangle, only 1/6 of each of the 3 cells is included, i.e. the 
reactor area within the volume of the triangle is only half; so the volumetric current density is: 
 , 2
2
2
3 3
π
π
= = =
cell
cell cell cell
volumetric triangular
packing
rLjj A jj
V r L r
 (13-4) 
For the square-packed stack, the volume of the square, with side length = 2r, is: 
 24=squareV r L  (13-5) 
Within the volume of the square, ¼ of each cell is included, so the volumetric density is: 
 , 2
2
4 2
π π
= = =cell cell cell cellvolumetric square
packing
j A j rL jj
V r L r
 (13-6)
(A) 
r 
L 
L 
r 
(B) 
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13.6. Appendix F: Methanation on Ni-Ru catalysts 
Preliminary methanation studies were performed on nickel and ruthenium (ca. 3 wt% Ru 
doping with respect to nickel). Catalyst supports used were Al2O3 foam (86 % porosity) and 
crushed activated alumina spheres (ca. 66 % porosity). The experimental data was collected 
by F. Karas during a short-term placement at Imperial College London, UK, which was 
supervised by Professor G.H. Kelsall and the author. 
Catalysts were prepared by repeated infiltration of the precursor solution (nickel (II) nitrate 
and ruthenium (III) chloride). Methanation was studied in a vertical stainless steel tube with 
inner diameter of ca. 8 mm. The catalyst was activated (reduction of NiO to elemental Ni) by 
in-situ exposure of the catalyst at 500 °C to pure H2 (30 ml min-1) for 2 hours. The total gas 
flow rate during the methanation study was 40 ml min-1 at a H2 : CO2 ratio of  4:1. An argon 
sweep gas was combined with the reaction products after the reactor for calibrating the mass 
spectrometer. The water formed in the reactor, was condensed out using an ice-bath.  
 
Figure 13-4:  Effect of temperature on CO2 conversion and CH4 selectivity for different catalyst systems. 
The effect of catalyst loading on conversion was small; i.e. higher nickel loading only 
increased conversion slightly, as shown in Figure 13-4. Hardly any variation was detected for 
using different catalyst supports. Selectivity of the nickel only catalyst was decreased due to 
possible carbon formation, against which ruthenium appared to be a successful inhibitor. 
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Despite high conversions were theoretically achieveable at low temperatures according to the 
thermodynamic equilibrium preditions, low conversions were detected, which indicated that 
at lower temperatures the process was kinetically-controlled. 
For a more detailed analysis and comparions of the thermodynamics and kinetics for different 
reaction conditions, the reader is referred to the work by Gao et al. [424]. 
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 13.7. Appendix G: Fabrication parameters of the hollow fibres 
 Batch 1 Batch 2 Batch 3lxxx 
 Electrolyte Cathode  Electrolyte Cathode Electrolyte Cathode 
YSZ (nm) 57.2 wt% --- --- --- --- --- 
YSZ (micro metres) --- 26.6 wt% 67.4 wt% 27.9 wt% 69.4 wt% 27.8 wt% 
NiO --- 39.9 wt% --- 41.8 wt% --- 41.7 wt% 
PESf (Polyethersulfone - binder) 5.72 wt% 6.66 wt% 6.74 wt% 6.97 wt% 23.1 wt% 23.2 wt% 
Arlacel P135 (dispersant) 0.25 wt% 0.16 wt% 0.19 wt% 0.14 wt% 6.94 wt% 6.95 wt% 
Dimethyl sulfoxide (DMSO – solvent) 36.8 wt% 26.6 wt% 25.7 wt% 23.2 wt% 0.56 wt% 0.43 wt% 
Internal coagulant de-ionised water de-ionised water de-ionised water 
External coagulant water water water 
Extrusion rates: 
Internal coagulant / Cathode / Electrolyte 
10.0 / 12.0 / 2.0-5.0 ml min-1 10.0 / 12.0 / 2.0-5.0 ml min-1 13.0/8.0/ 0.5-3.0 ml min-1 
Triple Orifice Diameter Spinneret 
a) Outer layer: i.d./o.d. 
b) Inner Layer: i.d./o.d. 
a) 3.0 / 3.5 mm 
b) 1.2 / 2.6 mm 
a) 3.0 / 3.5 mm 
b) 1.2 / 2.6 mm 
a) 3.0 / 3.5 mm 
b) 1.2 / 2.6 mm 
Temperature Room temperature Room temperature Roomtemperature 
Air gap 0.20 m 0.20 m 0.20 m 
  
lxxx At 1-3 rpm: the viscosity of YSZ suspension of batch 3 was measured 25000 cp. 
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  Batch 4 Batch 5 Batch 6 
 Electrolyte Cathode  Electrolyte Cathode Electrolyte Cathode 
YSZ (micro metres) 69.4 wt% 27.2 wt% 67.8 wt% 27.2 wt% 69.4% 26.2 wt% 
NiO --- 40.8 wt% --- 40.7 wt% --- 39.3 wt% 
SnO2 --- --- --- --- --- 1.18 wt% 
PESf 6.94 wt% 6.80 wt% 6.78 wt% 6.91 wt% 6.94 wt% 6.67 wt% 
Arlacel P135 0.56 wt% 0.49 wt% 0.54 wt% 0.49 wt% 0.56 wt% 0.48 wt% 
DMSO  23.1 wt% 24.7 wt% 24.9 wt% 24.7 wt% 23.1 wt% 26.2 wt% 
Internal coagulant de-ionised water de-ionised water de-ionised water 
External coagulant water water water 
Extrusion rates: 
Internal coagulant / Cathode / Electrolyte 
 
10.0 / 7.0 / 0.7-3.0 ml min-1 
 
13.0 / 7.0 / 1.0-2.0 ml min-1 
 
10.0-13.0 / 7.0 / 1.0-2.0 ml min-1 
Triple Orifice Diameter Spinneret 
a) Outer layer: i.d./o.d. 
b) Inner Layer: i.d./o.d. 
a) 3.0 / 3.5 mm 
b) 1.2 / 2.6 mm 
a) 3.0 / 3.5 mm 
b) 1.2 / 2.6 mm 
a) 3.0 / 3.5 mm 
b) 1.2 / 2.6 mm 
Temperature Room temperature Room temperature Room temperature 
Air gap 0.23 m 0.23 m 0.25 m 
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13.8. Appendix H: Reactor drawings 
The reactor end-caps have been designed by S.J. Jones and P. Crudge from the Chemical 
Engineering Mechanical Workshop, Imperial College London, based on initial specification 
sketches provided by the author. 
 
Figure 13-5:  Expanded drawing of the reactor end-caps. Drawing has been provided by S. J. Jones from 
the Chemical Engineering Mechanical Workshop, Imperial College London. 
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13.9. Appendix I: Mass spectrometry calibration 
For CO2 electrolysis, different ratios of CO2/CO were fed through the reactor at constant total 
fow rate and their mass spectrometry siganls measured (Figure 13-6). The argon signal was 
measured as a control reference to detect, if there was gas-cross-over between the cathode and 
anode of the SOE. The signals were plotted against flow rates to obtain a calibration curve 
(Figure 13-7). 
 
Figure 13-6:  Mass spectrometry signals measured for different CO2/CO flow rates at constant total flow 
rate of 40 ml min-1. 
 
Figure 13-7:  Calibration curve for CO2/CO electrolysis experiments. 
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For the co-electrolysis experiments, the helium carrier gas was used as a normalization gas 
signal, as the total flow rate changed depending on the water fraction, which was condensed 
out. Based on the CO2/CO experiments where near 100% faradaic yields were achieved, the 
signal changes obtained from constant current individual electrolyses of H2O (H2 signal) and 
CO2 were used as the basis for calibration. 
 
Figure 13-8:  He normalized mass spectrometer signals for CO2, H2O and co-electrolysis. 
 
Figure 13-9:  Effect of applied current on He normalized mass spectrometry signal changes for H2O (H2 
signal) and CO2 electrolysis; ‘calibration’ curve for co-electrolysis data. 
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13.10. Appendix J: X-Ray diffraction (XRD) analysis 
 
Figure 13-10: XRD pattern of Ni(O)-YSZ|YSZ hollow fibre pre- and post-reduction. 
For the NiO-YSZ|YSZ fibre, only peaks corresponding to YSZ or nickel oxide could be 
detected; i.e. no solid state reaction within the detection limit. After reduction (Ni-YSZ|YSZ), 
characteristic peaks for nickellxxxi were detected alongside nickel oxide peaks. The remaining 
nickel oxide signal can either be due to incomplete reduction or re-oxidation during the 
powder grinding preparation step. 
 
 
lxxxi Due to the lack of nickel powder, the XRD pattern of porous nickel foam (Goodfellow Cambridge Ltd., UK) 
has been measured as the nickel reference pattern. The porosity explains the slight split peaks obtained. 
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13.11. Appendix K: Raman spectroscopy 
Raman spectroscopy on a Ni(O)-YSZ|YSZ|YSZ-LSM|LSM solid oxide electrolyser pre- and 
post-operation were performed (Figure 13-11). The signal peak frequency shifts for expected 
species are summarized in Table 13-2. 
Table 13-2:  Raman peak shifts for species of interest 
Species Peaks / cm-1 Reference 
Carbon (disordered) 1359 [143] 
Carbon (graphite) 1580 [143] 
YSZ 623 (strong band), multiple weaker peaks at lower wavenumbers [425] 
NiO 1070 [143] 
Ni featureless [425, 426] 
 
The data acquisition conditions for the Raman spectroscopy were a 785 nm laser at 3 or 30 
mW, 50x objective (approximate laser spot size of 3 μm) with 10 or 5 seconds integration 
time × 10 co-additions. Measurements were performed by A. Vichi, supervised by Professor 
S.G. Kazarian, Imperial College London, UK. 
 
Figure 13-11: Raman spectroscopy signals for Ni(O)-YSZ|YSZ|YSZ-LSM|LSM solid oxide electrolyser 
pre-operation (blank 1-2) and post-operation (point 1-5, with sample positions shown in 
Figure 13-12). 
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Figure 13-12: (A) Sample positions of Raman Spectra in Figure 13-11 and (B) SEM of Ni(O)-
YSZ|YSZ|YSZ-LSM|LSM solid oxide electrolyser post-operation (10 hour testing – Figure 
7-20 in Section 7.1.2.2). 
Figure 13-11 shows the Raman spectra for the Ni(O)-YSZ|YSZ|YSZ-LSM|LSM solid oxide 
electrolyser. Peaks at 1320 and 1540 cm-1 were detected, which could indicate disorderd and 
graphitic carbon, respectively; with a consistent wavenumber ‘shift’ of ca. 40 cm-1 compared 
to the literature values (Table 13-2), which can be explained with regard of reported values 
being for in-situ operating measurements, whereas post-operation detection was performed at 
room temperature [426]. All points within the post-electrolysis cell have similar intensities, 
independent of distance from electrode|electrolyte interface. Furthermore, even within the 
YSZ electrolyte ‘carbon’ has been detected.  
However, for the ‘blank 1’ sample (YSZ pre-dominating sampling point) a similar spectra and 
corresponding intensities were detected. Hence, the carbon detected was most likely 
atmospheric carbon, deposited onto the surface during sample handing. This could also 
explain the difference in NiO ‘blank 2’ spectra compared to the Ni-YSZ spectra. Further 
experiments, with a cell purposely operated at carbon formation conditions (high potentials, 
high CO partial pressures) would be required to assess, if the intensities obtained in the 
present study were ‘background’ intensities or corresponded to significant carbon deposition. 
YSZ Ni-YSZ 
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13.12. Appendix L: Preliminary electrolysis performance of CGO-based MT-SOEs 
Findings of preliminary performance tests of ceria-doped gadolinium electrolyte based cells 
are discussed below. 
The cells employed were of the form: Ni-CGO|CGO|LSCF-CGO|LSCF, prepared using co-
extrusion of NiO-CGO|CGO precursor fibres, followed by LSCF (lanthanum strontium 
cobaltite ferrite) coating. The microstructure of these fibres is shown in Figure 13-13, 
revealing a ca. 330 μm electrode supported structure with ca. 21 μm thick electrolyte and an 
equally thick outer electrode layer (LSCF-CGO|LSCF). 
         
  
Figure 13-13: SEM of microstructure of Ni-CGO|CGO|LSCF-CGO solid oxide reactor post-operation. 
Figure 13-14 shows the cell performance for the hollow fibre reactor in electrolyser and fuel 
cell mode. The achieved current densities seemed very encouraging; however, steady state 
potentiostatic measurements at 1.0 V (-0.66 A cm-2) and 1.5 V (-2.41 A cm-2) revealed that 
the current densities did not match the CO2 conversion corresponding to the mass 
spectrometry signal; i.e. the charge yields were very low. This was especially evident from the 
extended cycles, whereby current densities of -5.3 A cm-2 were achieved at 2.0 V cell 
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potential difference. This would correspond to 12.6 ml min-1 CO2 being reduced, which at 7 
ml min-1 CO2 gas feed is impossible. This indicated electronic conductivity caused short-
circuiting the electrolyte, which has been discussed previously by [81]. Electrical impedance 
spectroscopy confirmed this, as the ohmic area specific resistance decreased with applied cell 
potential difference; i.e. short-circuiting through the cell due to electronic conductivity in 
addition to ionic conductivity. Furthermore, as discussed in Section 7.1.2.1 and shown in 
Figure 7-19, irreversible damage due to ceria reduction is likely at cell potential differences 
above 1.43 V. 
 
Figure 13-14: (A) Effects of applied current density and temperature on cell potential difference and (B) 
electrical impedance spectroscopy at open circuit potential difference for 21 μm thick 
electrolyte and 7/3/20 CO2/H2/He gas feed composition at 600 °C. Note: EIS was recorded 
over a frequency range of 105-0.1 Hz with an RMS amplitude of 0.01 V. 
 
Figure 13-15: Electrical impedance spectroscopy at UOCPD (○), 1.0 V (∆) and 1.5 V (◊) cell potential 
difference for 21 μm thick electrolyte and 7/3/20 CO2/H2/He gas feed at 600 °C. 
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13.13. Appendix M: Metal oxidation stability – Ellingham Diagram 
The stability against oxidation of a metals can be calculated using the thermodynamic 
principles outlined in Section 2.1. Ellingham [427] proposed the arrangement of different 
metals on one diagram, with Richardson adding partial pressure scales [428]. 
 
Figure 13-16: Ellingham-Richardson diagram [429].  
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13.14. Appendix N: EDS of Sn-Ni-YSZ|YSZ|YSZ-LSM|LSM MT-SOEs 
Elemental mapping of the individual phases and dopants: Ni(O), YSZ, LSM and Sn, 
represented by Ni, Zr, La and Sn, respectively, are shown in Figure 13-17 and Figure 13-18 
for the un-reduced SnO2-NiO-YSZ|YSZ precursor and the full reactor Sn-Ni-YSZ|YSZ|LSM-
YSZ|LSM (post-operation). Distribution of tin (dioxide) was inconclusive due to very low 
signal (close to background). 
  
  
Figure 13-17: Elemental mapping of SnO2-NiO-YSZ|YSZ reactor precursor cross-section (not reduced). 
Ni 
Sn Zr 
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Figure 13-18: Elemental mapping of Sn-Ni-YSZ|YSZ|LSM-YSZ|LSM reactor cross-section (post-
operation).
Sn Zr 
La 
Ni 
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13.15. Appendix O: Homogeneous (reverse) water gas shift reaction 
The (reverse) water gas shift reaction within three different support tubes without a nickel 
catalyst is presented in Figure 13-19. Gas mixture (H2O/CO) for the water gas shift reaction 
were 30/10 and 34/6 ml min-1. Gas mixture (CO2/H2) for the reverse water gas shift reaction 
were 30/10 and 34/6 ml min-1. No variations (within experimental error) were detected for CO 
or CO2 flowrates. Some minor variation for the H2 signal was detected, as a result of signal 
instability due to accumulation of hydrogen (related to ‘zero blast’ problems at low masses).  
Thermodynamically, changes in flow rates should be easily detectable and of the order of 5.0-
7.5 ml min-1. However, kinetic correlations for the reverse water gas shift reactions predict 
three orders of magnitues slower (initial) reaction rates than necessary to reach 
thermodynamic equilibrium [390, 430] so that no changes would be detected within the 
current experimental system. 
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Figure 13-19: ‘Homogeneous’ (reverse) water gas shift reaction within support tubes without a nickel 
catalyst for (A) alumina, (B) quartz and (C) 10.5 yttria-stabilized zirconia (YSZ) at 822 °C. 
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13.16. Appendix P: Manufacturing cost of an electrolyser stack 
The individual cell within the electrolyser stack is shown schematically in Figure 13-20 and 
further parameters presented in Table 13-3 and Table 13-4. 
rlumen ≈ 400 × 10-6 m 
rNi-YSZ ≈ 630 × 10-6 m 
rYSZ ≈ 650 × 10-6 m 
rLSM-YSZ ≈ 670 × 10-6 m 
rLSM ≈ 690 × 10-6 m 
Ni-YSZ 
YSZ 
LSM-YSZ 
LSM
Length of fibre ≈ 0.06 m 
(biO-YSZ|YSZ)
Length of active fibre ≈ 0.015 m  
(NiO-YSZ|YSZ|YSZ-LSM|LSM)
 
Figure 13-20: Individual cell dimensions; drawings not to scale. 
Table 13-3:  Parameters of NiO-YSZ|YSZ|YSZ-LSM|LSM cells 
 Parameter value Reference 
NiO-YSZ composition 60 wt% NiO / 40 wt% YSZ  
Porosity of NiO-YSZ (prior to reduction) 0.15 Section 7.1.1.2 
Density of NiO / kg m-3 6700  
Density of YSZ / kg m-3 6100  
LSM-YSZ composition 50 wt% LSM / 50 wt% YSZ  
Porosity of LSM-YSZ 0.2 [47] 
Porosity of LSM 0.2 [47] 
Density of LSM / kg m-3 6500  
Density of Ag / kg m-3 10,490  
Density of Ni / kg m-3 8900  
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Table 13-4:  Raw material costslxxxii 
 Cost  Reference 
8-YSZ / £ kg-1 48.8 For 50 kg bulk order [431] 
LSM-20 / £ kg-1 198 For 20 kg bulk order [432] 
NiO / £ kg-1 50.5 For 20 kg bulk order [432] 
Silver wire (Ø 0.2 mm) / £ m-1 0.167 Based on average silver metal market spot price [433], density 
and wire dimensions × 1.2 to account for wire manufacture.  
Silver wire (Ø 0.25 mm) / £ m-1 0.262 Based on average silver metal market spot price [433], density 
and wire dimensions × 1.2 to account for wire manufacture. 
Silver wire (Ø 0.25 mm) / £ m-1 0.00715 Based on average nickel metal market spot price [434], density 
and wire dimensions × 1.2 to account for wire manufacture.  
 
The mass of YSZ per fibre was: 
 
( ) ( )
( )
( ) ( )
2 2
-1 2 2
2 2
. . 1
/ kg fibre 1 1
. . 1
π π e
π π ρ
π π e
−
− −
−
−
− −
 − × × × −
 
 = + − × × ×
 
 + − × × × − 
NiO YSZ
NiO YSZ lumen fibre YSZ NiO YSZ
YSZ YSZ NiO YSZ fibre YSZ
YSZ LSM
YSZ LSM YSZ active YSZ YSZ LSM
r r L vol frac
m r r L
r r L vol frac
(13-7) 
The mass of NiO per fibre was: 
 ( ) ( )( )-1 2 2/ kg fibre . . 1π π e ρ−− −= − × × × −NiO YSZNiO NiO YSZ lumen fibre NiO NiO YSZ NiOm r r L vol frac (13-8) 
The mass of LSM per fibre was: 
 
( ) ( )
( ) ( )
2 2
-1
2 2
. . 1
/ kg fibre
1 1
π π e
ρ
π π e
−
− −
−
 − × × × −
 =
 + − × × × − 
YSZ LSM
YSZ LSM YSZ active LSM YSZ LSM
YSZ LSM
LSM YSZ LSM active LSM
r r L vol frac
m
r r L
(13-9) 
Thus the raw material cost per fibre waslxxxiii: 
lxxxii For prices quoted in $, the following exchange rate was used: 0.682 £ $-1.  
lxxxiii Note: the cost of the DMSO (solvent, 35% by weight of NiO-YSZ) polysulfone (polymer, 10% by weight 
of NiO-YSZ), Arlacel (binder, 1% by weight of NiO-YSZ) and Terpinoel (solvent, 35% by weight of 
LSM|LSM-YSZ) when bought in bulk were assumed negligible compared to the cost of NiO, YSZ and LSM. 
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 -1/ fibre£ = × + × + ×fibre YSZ YSZ NiO NiO LSM LSMcost m cost m cost m cost  (13-10) 
Due to the immaturity of the stack-design, the proposed current collector has been adopted 
from the experimental system; i.e. a coiled nickel wire (0.1 m) with silver wire bridge (0.1 m) 
for the inner current collector and silver wire wrapped around the fibre on the outside (0.1 
m)lxxxiv, resulting in the following current collector cost estimate: 
-1
(0.25 ) (0.25 )
(0.25 ) (0.25 ) (0.25 ) (0.25 )
cos / f£ ibre = ×
+ × + ×
current collector Ag mm Ag mm
Ni mm Ni mm Ag mm Ag mm
t L cost
L cost L cost
 (13-11) 
Thus, the total cost per fibre were calculated according to Equation (13-12), with the cost 
split shown in Figure 13-21: 
 -1/ fibre£ = +total fibre current collectorcost cost cost  (13-12) 
Therefore, the immaturity of stack-design on the current collection dominated the electrolyser 
costs and at present further stack contributor costs such as sealants can be assumed 
negligible. The use of proper interconnect materials should decrease the cost of current 
collection, so the future price of a fibre should decrease. 
The number of fibres to provide one square metre of active area was, accounting for ca. 
26526 fibres and a stack cost of £1,574 m-2: 
2 1/ fibres m
2π
− =
× ×lumen active
number of fibres
r L
 (13-13) 
 
Figure 13-21: Raw material cost contributions. 
lxxxiv The only variation to the experimental single-cell test was the decreased length of the silver wire, as current 
feeding was assumed to take place closer to the furnace. 
YSZ 
11% NiO 
13% 
LSM 
3% 
silver wire 
72% 
nickel wire 
1% 
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The production steps in making these fibres are: 
• Mixing of the extrusion and coating suspensions (4 × mixer) 
• Co-extrusion (3 × pump) 
• Drying (1 × drier) 
• High temperature sintering I (1 × furnace) 
• 2 × coating with LSM-YSZ followed by LSM 
• High temperature sintering II (1 × furnace, same as for I) 
• Assembly of stack 
However, as a rough estimate, the total cost of production are roughly twice the materials 
cost [435]. Thus the stack production costs estimated as £3,149 m-2. 
 
 329 
 13.17. Appendix Q: Costing of CO2 splitting plant 
For the CO2 splitting / CO producing plant as shown in Figure 10-1 in Section 10.1.1 , the following units will be required: 
• Electrolyser (OPEX and CAPEX) 
• Anode and cathode blower (OPEX and CAPEX) 
• Anode and cathode heat exchanges (OPEX only)  
• Furnace (OPEX and CAPEX) 
• CO / CO2 separation unit (OPEX and CAPEX) 
The stream table for the proposed process is outlined in Table 13-5. 
Table 13-5:  Stream table for plant design outlined in Figure 10-1. 
Conditions Cathode side Anode side 
1 2 3 4A 4B 5 6 7 8 9 10 11A 11B 12 13 
CO2 molar flow rate / mol h-1 22727 37879 37879 37879 37879 15152 15152 0 5682       
CO molar flow rate / mol h-1 0 3788 3788 3788 3788 26515 26515 22727 3788       
O2 molar flow rate / mol h-1          7557 7557 7557 7557 18920 18920 
Sweep (non-O2 part) molar 
flow rate / mol h-1 
         28428 28428 28428 28428 28428 28428 
Temperature / °C 25.0 25.0 38.7 585 800 800 88.7 25.0 25.0 25.0 38.7 750 800 800 200 
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13.17.1. Sizing parameters 
The electrolyser was sized based on the total current requirements of the process to split 1 t 
(CO2) per hour, which is equivalent to 22.7 kmol h-1 of CO2. 
 2 1/ 2= ×electrolyser
cell
dnA m F
dt j
 (13-14) 
The blowers were sized on the volumetric flow rate requirements; i.e. the flow rates of stream 
2 and 9. The temperature at the outlet of the blower was calculated according to [436]:  
 ( )0.286 1
η
∆ = − = −inout in
isothermal efficiency
TT T T CR  (13-15) 
with a compression ratio (CR) of 1.1 and an isothermal efficiency of 0.6. 
A minimum temperature difference between hot and cold stream of 50 °C was set for the 
counter-current heat exchanger. Thus, the outlet temperatures of the product gas streams were 
6 3 50= +T T  and 13 10 50= +T T . The available heat duty from the hot stream was 
(Thermodynamic data is given in Appendix A):  
 ( ), ,/ η−= × − × ×∑ a a
a
available p i operating pre heat a i f
i
Q kW C T T n  (13-16) 
with the efficiency factor set as 0.9. Re-arranging Equation (13-16), the outlet temperature 
(T4A and T11) of the pre-heated stream was calculated. 
The heat exchanges were then sized according to their heat transfer duties, their log mean 
temperature difference ( ) ( ), , , ,
, ,
, ,
ln
− − −
∆ =
 −
 − 
hot in cold out hot out cold in
lm
hot in cold out
hot out cold in
T T T T
T
T T
T T
 and the overall heat transfer 
coefficient (U), which was set at 30 W °C-1 m-2 for gas-gas transfer: 
 2/ =
∆heat exchanger lm
QArea m
U T
 (13-17) 
The furnace was sizedlxxxv based on its power requirement to complete the pre-heating of the 
anode and cathode streams after initial pre-heating with their respective product streams. A 
lxxxv Note: the initial start-up and shut-down operational requirements have not been addressed in the sizing 
calculations. 
331 
 
                                                 
 
Appendices 
 
furnace efficiency factor (ηf = 0.9) was included to account for any heat losses. 
 
( ) ( ), , , ,
/
η
− −× − × + × − ×
=
∑ ∑a a c
a c
p i operating pre heat a i p ic operating pre heat c i
i i
f
C T T n C T T n
Power kW
 
(13-18) 
Cryogenic liquefaction [437] was chosen for the CO/CO2, as the boiling points of CO and 
CO2 are significantly different: 81.7 K versus 194.65 K (sublime). A basic Linde-Hampson 
system was chosenlxxxvi, for which the ideal separation work required was estimated as: 
 0
1ln
 
− =  
 
∑ideal i
i i
W RT x
n x
 (13-19) 
To account for the non-ideal operation of the liquefaction and losses such as heat exchange 
ineffectiveness and isothermal efficiency of the compressor, a Figure of Merit (FOM) can be 
calculated relating the ideal to the actual work required: 
 = ideal
actual
WFOM
W
 (13-20) 
Analysing the data for various gases, a linear correlation between boiling point and F.O.M. 
was evident; thus, the FOM. for CO2 liquefaction was estimated to be ca. 0.45. Furthermore, 
due to the difference in boiling points, separation was assumed ideal, i.e. CO2 would 
liquefy/solidify before CO.  
A reciprocating compressor was chosen to achieve differential pressures of ca. 200 bar. The 
heat exchanger was sized as for the other heat exchangers (Equation (13-16)), with = actualQ W . 
13.17.2. Capital expenditure (CAPEX) 
The individual purchase cost of the equipment was determined either by design calculations 
(electrolysis unit – Appendix P) or from correlations [435]; the results are summarized in 
Table 13-6. 
To estimate the overall capital investment cost of the plant, Hand Factors [435] have been 
applied to the individual units. For electrolyser, heat exchangers, compressor/blowers and 
furnace they having been reported to be 2.5, 3.5, 2.5 and 2.0, respectively. Thus, the total 
CAPEX of the plant was ca. £1.85 million (t CO2 h-1)-1.  
lxxxvi For liquefaction to occur, the inversion temperature has to be above the ambient temperature at which the 
liquefaction system is to be operated. This criteria is valid for CO2 (1387.78 K) [453]. 
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During the plant lifetime of 20 years, the electrolyser was expected to be replaced every five 
years. As these would be only new modules, which would not require a ‘new’ plant to be 
build, their CAPEX was estimated as the purchase price only (3 × £0.38 million), with any 
installation being covered by the maintenance budget. Thus, the total CAPEX to be incurred 
will be ca. £3 million. The CAPEX per tonne of CO2 was derived according to Equation (X-
X) with 8000 operating hours per year, allowing 1 month down-time for maintenance: 
 ( ) 12/ £
−
=
×
total
CAPEX
CAPEXProduction cost t CO
lifetime yearly operational hours
 (13-21) 
If the plant was to be run intermittently, the production cost would scale by an intermittency 
factor. 
Table 13-6:  Purchased costs of individual unitslxxxvii 
 Sizing 
parameter (S) 
Correlation / £ unit-1 Specification Cost / £ 
Electrolyser  Area / m2 3457= ×CAPEXelectrolyserC S  122 £ 383,565 
Blowers  Volumetric flow 
rate / m3 h-1 
0.82950 38= + ×CAPEXblowerC S  Cathode: 1032 
Anode: 892 
C: £12,746  
A: £11,662 
Heat 
exchangers  
Area / m2 1.218629 35.7= + ×CAPEXheat exchangerC S  Cathode: 95.0 
Anode: 72.7 
C: £27,753 
A: £24,742 
Furnace Power / MW 0.853170 72186= + ×CAPEXheat exchangerC S  0.234  £75,058 
Separation 
unit  
Compressor: 
Driver Power / 
kW  
2
0.75
/ ., . 170764 1785= + ×
CAPEX
CO CO sep compC S
 
42 £200,241 
Heat exchanger: 
Area / m2 
2
1.2
/ ., . 18629 35.7= + ×
CAPEX
CO CO sep heat exC S  140 £32,077 
 
 
lxxxvii The capital cost correlations [435] were adjusted from a CE2007, January US GC = 509.7 cost index to CE2014, 
September, US GC = 580.1 [454]. Cost index for location has been assumed negligible. The exchange rate used for $ 
(US) to £ (UK) was 0.682 £ $-1. 
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13.17.3. Operating expenditure (OPEX) 
The following factors contributed to the operating costs: 
• Maintenance costs 
• CO2  feed costs 
• Electrolyser operating costs 
• Auxiliary equipment (Furnace, blowers, separation units). 
The maintenance costs were set as 10% of the total capital expenditure, so that the 
maintenance contribution towards the total production cost was: 
 ( ) 12
0.1/ £ − ×=
×
total
maintenance
CAPEXProduction cost t CO
lifetime yearly operational hours
 (13-22) 
The cost of CO2 (£20.5 t (CO2)-1) were obtained from literature values [11]. However, this has 
an uncertainty factor, as with legislation changes, CO2 could be regarded as a waste stream; 
thus, the cost of CO2 could potentially be neutral or even negative. 
The energy correlations for individual units are listed in Table 13-7; i.e. the operating costs 
will be dependent on the energy price. 
Table 13-7:  Operational expenditure for process units 
 Energy correlation for individual units / kWh (t CO2)-1 
Electrolysis 
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2
2 2
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2
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3.6
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Φ
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F Uw
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2
,
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2
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13.18. Appendix R: Copyright permissions 
13.18.1. Author’s own publications re-use 
Within the thesis the following journal articles produced by the author (as 1st author) have 
been reproduced in various Chapters: 
1) L. Kleiminger, T. Li, K. Li and G.H. Kelsall, ”CO2 splitting into CO and O2 in micro-
tubular solid oxide electrolysers“, RSC Adv., vol. 4, no. 91, pp. 50003-50016, 2014. 
2) L. Kleiminger, T. Li, K. Li and G.H. Kelsall, “Effects of Current Collector Materials 
on Perfomances of Micro-Tubular Solid Oxide Electrolysers for Splitting CO2”, ECS 
Trans., in press, 2015. 
Figure 13-22 shows the permission granted by The Royal Society of Chemistry (RSC) for an 
author to re-use the full publication within a thesis. Acknowledgment to the published article 
is as follow and has been included at the beginning of each Chapter in which material of the 
publication has been used: “Kleiminger et al., RSC Adv., vol. 4, no. 91, pp. 50003-50016, 
2014 – Reproduced by permission of The Royal Society of Chemistry, Copyright 2014. 
http://dx.doi.org/10.1039/C4RA08967G.” 
Figure 13-23 shows the copyright transfer agreement for publications of The Electrochemical 
Society, stating that no further written permission is required for an author to re-use 
previously published material, as long as the work is properly credited. Acknowledgement to 
the published article is as follow and has been included at the beginning of each Chapter in 
which material of the publication has been used: “Kleiminger et al., ECS Trans, in press, 
2015 – Reproduced with permission. Copyright 2015, The Electrochemical Society.” 
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Figure 13-22: Permission from The Royal Society of Chemistry granted to authors to re-use their RSC 
published material within the preparation of a thesis. 
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Figure 13-23: Exemplar copyright transfer agreement between the author and The Electrochemical 
Society, granting full re-use of published work in other publications of the author for non-
commercial distribution . 
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 13.18.2. Re-use of other’s researchers work 
Table 13-8 outlines the copyright permission obtained to re-use figures presented within others researcher’s work. 
Table 13-8:  Copyright permissions for re-use of figures from others reasarcher’s work. 
 Page number Figure number Comments Source work Copyright holder & year Permission to re-use 
1 
3 Figure 1-3 Figure Sterner and Stadler. [4] Springer Science + Business and Media (2014)  
• Copyright permission obtained from Springer (Figure 13-24). 
• Permission marked in the text as follows: “Reprinted from Sterner and Stadler [4] with permission from Springer Science + Business Media.” 
2 
15 Figure 2-3 Figure (redrawn) Bard and Faulkner [41] John Wiley & Sons (2001)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License number: 3622621006520) 
• Permission marked in the text as follows: “Adapted from Bard and Faulkner [41], Copyright 2001, with permission from John Wiley & Sons.” 
• Copyright notice of original publication [41] to be included as per licence agreement: “No part of this publication may be reproduced, stored in a retrieval system or 
transmitted in any form of by any means, electronic, mechanical, photocopying, recording, scanning or otherwise, except as permitted under Sections 107 or 108 of 
the 1976 United States Copyright Act, without either the prior written permission of the Publisher, or authorization through payment of the appropriate per-copy fee 
to the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978) 646-8600. Requests to the Publisher for permission 
should be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201) 748-6011, fax (201) 748-6008.” 
3 
27 Figure 3-3 Figure Jensen et al. [35] Elsevier (2007)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622590040360) 
• Permission marked in the text as follows: “Reprinted from Jensen et al. [35], Copyright 2007, with permission from Elsevier.”  
4 
27 Figure 3-4 Figure Brisse et al. [73] Elsevier (2008)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622590327801) 
• Permission marked in the text as follows:  “Reprinted from Brisse et al. [73], Copyright 2008, with permission from Elsevier.”  
5 
41 Figure 3-10 Figure Gosh [160] Springer Science + Business Media (1999)  
• Copyright permission obtained from Springer (Figure 13-24). 
• Permission marked in the text as follows: “Reprinted from Gosh [160] with permission from Springer Science + Business Media.” 
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48 Figure 3-13 Figure Ge et al. [193] Elsevier (2015)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622590457039) 
• Permission marked in the text as follows: “Reprinted from Ge et al. [193], Copyright 2015, with permission from Elsevier.”  
9 
57 Figure 3-18(A) Figure Laguna-Bercero et al. [74] The Electrochemical Society (2010)  
• Copyright permission obtained from the Electrochemical Society (Figure 13-25).  
• Permission marked in the text as follows: “Reproduced by permission of The Electrochemical Society from Laguna-Bercero et al. [74], Copyright 2010.” 
10 
57 Figure 3-18(B) Figure Moyer et al. [177] The Electrochemical Society (2011)  
• Copyright permission obtained from the Electrochemical Society (Figure 13-25).  
• Permission marked in the text as follows: “Reproduced by permission of The Electrochemical Society from Moyer et al. [177], Copyright 2011.” 
11 
57 Figure 3-19 Figure Wang et al. [80] Elsevier (2010)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622590663899) 
• Permission marked in the text as follows: “Reprinted from Wang et al. [80], Copyright 2010, with permission from Elsevier.” 
12 
58 Figure 3-20 Figure Maskalick [61] Elsevier (1986)  
•  Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622590751023) 
• Permission marked in the text as follows: “Reprinted from Maskalick [61], Copyright 1986, with permission from Elsevier.”  
13 
60 Figure 3-22 Figure Li et al. [236] Elsevier (2014)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622590870769) 
• Permission marked in the text as follows: “Reprinted from Li et al. [236], Copyright 2014, with permission from Elsevier.”  
14 
66 Figure 3-23(A) Figure Tietz et al. [245] Elsevier (2013)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622590946133) 
• Permission marked in the text as follows: “Reprinted from Tietz et al. [245], Copyright 2013, with permission from Elsevier.”  
15 
66 Figure 3-23(B) Figure Hauch et al. [262] The Electrochemical Society (2007)  
• Copyright permission obtained from the Electrochemical Society (Figure 13-25).  
• Permission marked in the text as follows: “Reproduced by permission of The Electrochemical Society from Hauch et al. [262], Copyright 2007.” 
16 69 Figure 3-24 Figure Wendel et al. [272] Elsevier (2015)  
 339 
 • Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622591054340) 
• Permission marked in the text as follows: “Reprinted from Wendel et al. [272], Copyright 2015, with permission from Elsevier.”  
17 
70 Figure 3-25 Figure Xu et al. [273]   
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622611118016) 
Permission marked in the text as follows: “Reproduced from Xu et al. [273] with permission of The Royal Society of Chemistry, Copyright 2011.” 
Hyperlink reference to original publications as per licence agreement: http://dx.doi.org/10.1039/C1EE02489B 
18 
71 Figure 3-26 Figure Graves et al. [11] Elsevier (2011)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622591181858) 
• Permission marked in the text as follows: “Reprinted from Graves et al. [11], Copyright 2011, with permission from Elsevier.”  
19 
73 Figure 3-28 Figure Sun et al. [185] Elsevier (2012)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622591303701) 
• Permission marked in the text as follows: “Reprinted from Sun et al. [185], Copyright 2012, with permission from Elsevier.”  
20 
76 Figure 3-30 Figure Graves et al. [11] Elsevier (2011)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622591181858) 
• Permission marked in the text as follows: “Reprinted from Graves et al. [11], Copyright 2011, with permission from Elsevier.” 
21 
102 Figure 5-10 Figure (redrawn) Chater and McPhail [339] Elsevier (2008)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3622630348678) 
• Permission marked in the text as follows: “Adapted from Chater and McPhail [339], Copyright 2008, with permission from Elsevier.”  
22 
78 Figure 3-31 Figure Horita et al. [316] The Electrochemical Society (2012)  
• Copyright permission obtained from the Electrochemical Society (Figure 13-25).  
• Permission marked in the text as follows: “Reproduced by permission of The Electrochemical Society from Horita et al. [316], Copyright 2012.” 
23 
183 Figure 7-49 Figure Gadalla and White [112] Maney Publishing (1966)  
• Copyright permission obtained via the Copyright Clearance Center’s RightsLink service (License Number: 3660821460884) 
• Permission marked in the text as follows: “Republished with permission of Maney Publishing, from [112]; permission conveyed through Copyright Clearance 
Center, Inc.” 
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Figure 13-24: Permission confirmation by Springer Science + Business Media to re-print specified 3rd author material. 
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Figure 13-25: Permission confirmation by The Electrochemical Society to re-print 3rd author material.  
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